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Preface 


Supramolecular Chemistry, conceptually founded as a research field in its own in 
the 1960s, is a rapidly growing field at the borderline of several disciplines such as 
bio(organic) chemistry, material sciences, and certainly the classical chemistry 
topics, ie. (in)organic and physical chemistry. Historically, the development of 
supramolecular chemistry certainly depended on the development of analytical 
methods which could solve the questions associated to the complex architectures 
held together by noncovalent bonds and those arising from weak intermolecular 
bonding and the highly dynamic features of many supramolecular species. How- 
ever, not only supramolecular chemistry benefited from the methodological devel- 
opment. Vice versa, the problems faced by supramolecular chemists led to specific 
methodological solutions and thus mediated their development to a great extent. 

Several excellent textbooks on Supramolecular Chemistry exist, starting with 
Fritz Vógtle's seminal best-seller "Supramolekulare Chemie" [1], which was trans- 
lated into several languages and thus found a broad international readership not 
only among experts in the field, but also among chemistry students. Other authors: 
Jean-Marie Lehn [2], Jerry Atwood and Johnathan Steed [3], and most recently Kat- 
suhiko Ariga and Toyoki Kunitake [4], have provided expertly written textbooks. 
These textbooks focus on and are organized along the chemistry involved, but do 
not focus much on the methods utilized to study this chemistry — with one notable 
exception: Hans-Jörg Schneider's and Anatoly Yatsimirski's fine introduction into 
the "Principles and Methods in Supramolecular Chemistry" [5]. The present book 
aims at a more in-depth description of different methods utilized in this branch 
of chemical research. 

Clearly, a choice had to be made as to which of the many methods available 
today should be included. This choice is likely biased to some extent by the editor's 
own preferences and a reader might arrive at the conclusion that another choice 
would have been better. Some chapters deal with methods of fundamental impor- 
tance. For example, Chapter 2 provides a practical guide to the determination of 
binding constants by NMR and UV methods and thus covers an aspect imminently 
important to the field, which deals with noncovalent binding and weak interac- 
tions. Similar arguments hold for the next two chapters on isothermal titration cal- 
orimetry and extraction methods. The following chapters on mass spectrometry, 
diffusion-ordered NMR spectroscopy, photochemistry, and circular dichroism do 
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Preface 


not primarily provide an in-depth introduction into these so-to-say classical meth- 
ods, but focus on exciting new achievements in the context of Supramolecular 
Chemistry. Chapters 9 and 10 discuss methods used to address quite complex ar- 
chitectures, for example generated by crystal engineering and through surface at- 
tachment and self-assembly processes at surfaces. The functional aspect of many 
supramolecular systems appears most pronounced in Chapter 11 which introduces 
methods for the characterization of membrane channels. The book terminates 
with a discussion of the contributions that theory can make to Supramolecular 
Chemistry, a field which adds valuable insight, although it is often believed to be 
very limited due to the sheer size of the complexes and architectures under study. 

Each of the chapters introduces the reader to a particular method. However, the 
reader will probably need to have at least some basic knowledge of supramolecular 
chemistry itself. Although the book begins with a short introductory chapter to pro- 
vide some necessary background, it is impossible to give a concise and comprehen- 
sive overview after more than four decades of quick growth in the field. In that 
sense, it aims at an already somewhat experienced readership. 

I am grateful to all authors of the individual chapters for their excellent contribu- 
tions to the book. Particularly, 1 would like to thank Dr. Steffen Pauly from Wiley- 
VCH for his great help in preparing the final manuscript and his guidance 
through the production process. It was great joy to assemble this book and I sin- 
cerely hope that it is fun to read. 


Berlin, October 2006 Christoph A. Schalley 
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1 
Introduction 


Christoph A. Schalley 


1.1 
Some Historical Remarks on Supramolecular Chemistry 


The fundaments of Supramolecular Chemistry date back to the late 19th century, 
when some of the most basic concepts for this research area were developed. In 
particular, the idea of coordination chemistry was formulated by Alfred Werner 
(1893) [1], the lock-and-key concept was introduced by Emil Fischer (1894) [2], 
and Villiers and Hebd discovered cyclodextrins, the first host molecules (1891) [3]. 
A few years later, Paul Ehrlich devised the concept of receptors in his Studies on 
Immunity (1906) [4] by stating that any molecule can only have an effect on the 
human body, if it is bound ("Corpora non agunt nisi fixata"). Several of these con- 
cepts were refined and modified later. Just to provide one example, Daniel Kosh- 
land formulated the induced fit concept (1958) for binding events to biomolecules 
which undergo conformational changes in the binding event [5]. The induced fit 
model provides a more dynamic view of the binding event, compared with the 
rather static key-lock principle and is thus more easily able to explain phenomena 
such as cooperativity. Even the German word for "Supramolecule" appeared in the 
literature as early as 1937, when Wolf and his coworkers introduced the term 
"Übermolekül" to describe the intermolecular interaction of coordinatively satu- 
rated species such as the dimers of carboxylic acids [6]. 

The question immediately arising from this brief overview on the beginnings of 
supramolecular chemistry is: Why hasn't it been recognized earlier as a research 
area in its own right? Why did it take more than 40 years from the introduction 
of the term "Übermolekül" to Lehn's definition of supramolecular chemistry [7] 
as the "chemistry of molecular assemblies and of the intermolecular bond" [8]? 

There are at least two answers. The first relates to the perception of the scientists 
involved in this area. As long as chemistry accepts the paradigm that properties of 
molecules are properties of the molecules themselves, while the interactions with 
the environment are small and – to a first approximation — negligible, there is no 
room for supramolecular chemistry as an independent field of research. Although 
solvent effects were already known quite early, this paradigm formed the basis of 
the thinking of chemists for a long time. However, with an increasing number of 


2 


1 Introduction 


examples of the importance of the environment for the properties of a molecule, a 
paradigm shift occurred in the late 1960s. Chemists started to appreciate that their 
experiments almost always provided data about molecules in a particular environ- 
ment. It became clear that the surroundings almost always have a non-negligible 
effect. Consequently, the intermolecular interactions became the focus of research 
and a new area was born. With this in mind, chemists were suddenly able to think 
about noncovalent forces, molecular recognition, templation, self-assembly and 
many other aspects into which supramolecular chemistry meanwhile diversified. 
The second answer is not less important, although somewhat more technical in 
nature. Supramolecules are often weakly bound and highly dynamic. Based on in- 
termolecular interactions, complex architectures can be generated, often with long- 
range order. All these features need specialized experimental methods, many of 
which still had to be developed in the early days of supramolecular chemistry. As 
observed quite often, the progress in a certain research area — here supramolecular 
chemistry — depends on the development of suitable methods. An emerging new 
method on the other hand leads to further progress in this research field, since it 
opens new possibilities for the experimenters. It is this second answer which 
prompted us to assemble the present book in order to provide information on the 
current status of the methods used in supramolecular chemistry. It also shows how 
diverse the methodological basis is, on which supramolecular chemists rely. 


1.2 
The Noncovalent Bond: A Brief Overview 


Before going into detail with respect to the analytical methods that are applied 
in contemporary supramolecular chemistry, this brief introduction to some basic 
concepts and research topics within supramolecular chemistry is intended to pro- 
vide the reader with some background. Of course, it is not possible to give a com- 
prehensive overview. It is not even achievable to review the last 40 or so years of 
supramolecular research in a concise manner. For a more in-depth discussion, the 
reader is thus referred to some excellent text books on supramolecular chemistry 
[7]. 

Noncovalent bonds range from coordinative bonds with a strength of several 
hundreds of К] тој“! to weak van der Waals interactions worth only a few 
К] mol-!. They can be divided in to several different classes. Attractive or repulsive 
interactions are found, when two (partial) charges interact either with opposite po- 
larity (attraction) or the same polarity (repulsion). Ion-ion interactions are stron- 
gest with bond energies in the range of са. 100 to 350 К] mol-!. The distance be- 
tween the charges and the extent of delocalization over a part of a molecule or even 
the whole molecule have an effect on the strength of the interaction. Consequently, 
the minimization of the distance between two oppositely charged ions will be a ge- 
ometric factor, when it comes to the structure of the supramolecular aggregate — 
even though there is no particular directionality in the ion—ion interaction. Interac- 
tions between ions and dipoles are somewhat weaker (са. 50—200 kJ mol-!). Here, 
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the orientation of the dipole with respect to the charge is important. A typical ex- 
ample for such an ion-dipole complex is the interaction of alkali metal ions with 
crown ethers. Other coordination complexes with transition metal ions as the cores 
are often used in supramolecular assembly. Here, the dative bond has a greater co- 
valent contribution, which makes it difficult to clearly draw the line between supra- 
molecular and molecular chemistry. Even weaker than ion-dipole forces (5—50 
kJ тој“!) are the interactions between two dipoles. Again, the relative orientation 
of the two interacting dipoles plays an important role. 

Hydrogen bonding [9] is pivotal in biochemistry (e.g. in the formation of double 
stranded DNA and protein folding) and was also greatly employed in artificial 
supramolecules. One reason is that many host-guest complexes have been studied 
in noncompetitive solvents where the hydrogen bonds can become quite strong. 
Another, maybe equally important reason is the directionality of the hydrogen 
bond which allows the chemist to control the geometry of the complexes and to de- 
sign precisely complementary hosts for a given guest (see below). One should dis- 
tinguish between strong hydrogen bonds with binding energies in the range of 60— 
120 К] mol`! and heteroatom-heteroatom distances between 2.2 and 2.5 A, moder- 
ate hydrogen bonds (15—60 К] по"; 2.5-3.2 A), and weak hydrogen bonds with 
binding energies below са. 15 kJ тој“! and long donor-acceptor distances of up 
to 4 À. This classification is also expressed in the fact that strong hydrogen bonds 
have a major covalent contribution, while moderate and weak ones are mainly elec- 
trostatic in nature. Also, the range of possible hydrogen bond angles is narrow in 
strong Н bonds (175°—180°) so that there is excellent spatial control here, while 
moderate (130°—180°) and weak (90°—150°) hydrogen bonds are more flexible. Fur- 
thermore, one should always make a difference between hydrogen bonding be- 
tween neutral molecules and charged hydrogen bonds. The latter ones are usually 
significantly stronger. For example, the Е-Н... F^ hydrogen bond has a bond en- 
ergy of са. 160 К] mol”! and thus is the strongest hydrogen bond known. 

Noncovalent forces also involve z-systems, which can noncovalently bind to cati- 
ons or other z-systems. The cation-z interaction [10] amounts to ca. 5-80 К] mol! 
and plays an important role in biomolecules. Aromatic rings such as benzene bear 
a quadrupole moment with a partially positive c-scaffold and a partially negative 
m-cloud above and below the ring plane. Consequently, alkali metal and other cati- 
ons can form an attractive interaction when located above the center of the aro- 
matic ring. The gas-phase binding energy of a K* cation to benzene (80 К] mol!) 
is higher than that of a single water molecule to the same cation (75 К] 11017). 
Consequently, one may ask why potassium salts don't dissolve in benzene. One 
answer is that the cation is stabilized by more than one or two water molecules in 
water and the sum of the binding energies is thus higher than that of a K* solvated 
by two or three benzenes. Another oft forgotten, but important point is the solva- 
tion of the corresponding anion. Water is able to solvate anions by forming hydro- 
gen bonds. In benzene such an interaction is not feasible. Again, we touch the 
topic discussed in the beginning: the effects of the environment. 

m-systems can also interact favorably with other z-systems. The interactions 
usually summarized with the term z-stacking are, however, quite complex. Two 
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similarly electron-rich or electron-poor z-systems (e.g. benzene as a prototype) tend 
not to interact in a perfect face-to-face manner [11], because the two partially nega- 
tive z-clouds would repulse each other. Two options exist to avoid this repulsion: in 
the crystal, benzene forms a herringbone-packing. Each benzene molecule is thus 
positioned with respect to its next neighbors in an edge-to-face orientation. This 
causes an attractive interaction between the negative z-cloud of one benzene with 
the positive o-scaffold of the other. Larger aromatic molecules, for example por- 
phyrins, may well crystallize in a face-to-face orientation. However, they reduce 
the repulsive forces by shifting sideways. The picture changes significantly, when 
two aromatics interact one of which is electron-rich (prototypically a hydroqui- 
none), one electron-deficient (prototypically a quinone). These two molecules can 
then undergo charge transfer interactions which can be quite strong and usually 
can be identified by a charge-transfer band in the UV/vis spectrum. 

On the weak end of noncovalent interactions, we find van der Waals forces («5 
kJ 010171) which arise from the interaction of an electron cloud polarized by adja- 
cent nuclei. Van der Waals forces are a superposition of attractive dispersion inter- 
actions, which decrease with the distance г in a r~® dependence, and exchange re- 
pulsion decreasing with r- ^. 

A particular case, finally, which perfectly demonstrates the influence of the envi- 
ronment, is the hydrophobic effect which relies on the minimization of the ener- 
getically unfavorable surface between polar/protic and unpolar/aprotic molecules. 
Hydrophobic effects play an important role in guest binding by cyclodextrins, for 
example. Water molecules residing inside the unpolar cavity cannot interact with 
the cavity wall strongly. If they are replaced by an unpolar guest, their interaction 
with other water molecules outside the cavity is much stronger, resulting in a gain 
in enthalpy for the whole system. In addition to these enthalpic contributions, en- 
tropy changes contribute, when several water molecules are replaced by one guest 
molecule, because the total number of translationally free molecules increases. 

There are more noncovalent interactions which cannot all be introduced here. 
Forces between multipoles have been expertly reviewed recently [12]. Also, weak 
interactions exist between nitrogen and halogen atoms [13], and dihydrogen 
bridges [14] can be formed between metal hydrides and hydrogen bond donors. Fi- 
nally, close packing in crystals is an important force in crystallization and crystal 
engineering. The present introductory chapter will not discuss these, but rather 
focus on the most important ones mentioned above. 


1.3 
Basic Concepts in Supramolecular Chemistry 


The following sections discuss some fundamental concepts in supramolecular 
chemistry. The list is certainly not comprehensive and the reader is referred to text- 
books for a broader scope of examples. However, the selection reveals that supra- 
molecular research developed from its heart, i.e. the examination and understand- 
ing of the noncovalent bond, to more advanced topics which make use of that 
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knowledge to build large, complex architecture, to understand the action of biomo- 
lecules, to implement function into molecular devices such as sensors, to control 
mechanical movement, to passively and actively transport molecules, and to use 
supramolecules as catalysts. 

Clearly, molecular recognition processes are the prototypical supramolecular re- 
actions on which the other aspects are based. Without molecular recognition, there 
are no template effects, no self-assembly, and certainly no self-replication. In con- 
trast to opinions sometimes encountered among chemists from other areas, supra- 
molecular chemistry did not come to a halt with the examination of hosts and 
guests and their interactions. Sophisticated molecular devices are available which 
not only are based on, but go far beyond mere molecular recognition. 


1:3:1 
Molecular Recognition: Molecular Complementarity 


After these remarks, the first question is: What is a good receptor for a given sub- 
strate? How can we design a suitable host which binds a guest with specificity? Ac- 
cording to Fischer's lock-and-key model, complementarity is the most important 
factor. Most often, it is not one noncovalent interaction alone which provides 
host-guest binding within a more or less competing environment, but the additive 
or even cooperative action of multiple interactions. The more complementary the 
binding sites of the host to those of the guest, the higher the binding energy. This 
refers not only to individual noncovalent bonds, but to the whole shape and the 
whole electrostatic surface of both molecules involved in the binding event. Selec- 
tive binding is thus a combination of excellent steric fit with a good match of the 
charge distributions of guest surface and the hosts cavity and a suitable spatial ar- 
rangement of, for example, hydrogen bond donors and acceptors, thus maximizing 
the attractive and minimizing the repulsive forces between host and guest. 

Cation recognition developed quickly early on, due to the combination of the 
often rather well-defined coordination geometry of most cationic species and the 
usually higher achievable binding energies coming from ion-dipole interactions. 
Actually, many of the basic concepts in supramolecular chemistry have been de- 
rived from studies in cation recognition. The design of neutral hosts for neutral 
guests and in particular anion recognition [15] are still a challenge nowadays. 


1,3:2 
Chelate Effects and Preorganization: Entropy Factors 


A binding event in which one complex forms from two molecules is entropically 
disfavored. The entropic costs need to be paid from the reaction enthalpy released 
upon host-guest binding. However, strategies exist which can reduce these costs to 
a minimum. 

One approach is to incorporate more than one binding site in one host molecule. 
When the first bond is formed, the entropic costs of combining two molecules are 
taken care of. The second and all following binding events between the same two 
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partners will not suffer from this effect again and thus contribute more to the free 
enthalpy of binding. This effect is called the chelate effect and has long been 
known from coordination chemistry, where ethylene diamine or 2,2'-bipyridine li- 
gands easily replace ammonia or pyridine in a transition metal complex. Bidentate 
binding generates rings and the chelate effect depends on their sizes. Optimal are 
five membered rings as formed by the ethylene diamine or bipyridine ligands dis- 
cussed above. Smaller rings suffer from ring strain, larger rings need a higher de- 
gree of conformational fixation compared with their open-chain forms and are thus 
entropically disfavored. The latter argument can be refined. If the same number of 
binding sites are incorporated in a macrocycle or even macrobicycle, guest binding 
will again become more favorable, because each cyclization reduces the conforma- 
tional flexibility for the free host and thus the entropic costs stemming from con- 
formational fixation during guest binding. These effects have entered the literature 
as the macrocyclic and macrobicyclic effect. Donald Cram developed these ideas 
into the preorganization principle [16]. A host which is designed to display the 
binding sites in a conformationally fixed way, perfectly complementary to the 
guest's needs, will bind significantly more strongly than a floppy host which needs 
to be rigidified in the binding event. This becomes strikingly clear, if one compares 
conformationally flexible 18-crown-6 with the spherand shown in Fig. 1.1 which 
displays the six oxygen donor atoms in a preorganized manner. The alkali binding 
constants of the two host molecules differ by factors up to 101°! 

While discussing entropic effects, it should not be forgotten that examples exist 
for enthalpically disfavored, entropy-driven host-guest binding. This is possible, if 
the free host contains more than one solvent molecule as the guests, which upon 
guest binding are replaced by one large guest as discussed for cyclodextrins above. 
In this case, a host-solvent complex releases more molecules than it binds and the 
overall reaction benefits entropically from the increase in particle number. 
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Fig. 1.1. Preorganization does matter. A comparison of 18-crown-6 
and the spherand on the right with respect to alkali metal ion binding 
reveals that the spherand has an up to 10 orders of magnitude higher 
binding constant. 
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1.3.3 
Cooperativity and Multivalency 


Cooperativity and multivalency are phenomena arising in molecular recognition at 
hosts with more than one binding site. In order to avoid misunderstandings, one 
should clearly distinguish the two terms. Cooperativity describes the influence of 
binding a guest at the host's binding site A on the second binding step occurring 
at site B of the same host. Cooperativity can be positive, which means that binding 
strength of the second guest is increased by the first one and the sum of both bind- 
ing energies is more than twice the binding energy of the first guest. Cooperativity 
can also be negative, if the first binding event decreases the binding of the second 
guest. Many examples for cooperativity are known from biochemistry, the most 
prominent one certainly oxygen binding at hemoglobin [17]. This protein is a 
«ов, tetramer with four oxygen binding hemes as the prosthetic groups, one in 
each subunit. Upon binding the first oxygen molecule to one of the heme groups, 
conformational changes are induced in the protein tertiary structure which also af- 
fect the other subunits and prepare them for binding oxygen more readily. From 
this example, it becomes clear that cooperativity does not necessarily rely on inter- 
actions between a multivalent host and a multivalent guest, but that there may well 
be mechanisms to transmit the information of the first binding event to the second 
one, even if both are monovalent interactions. The concept of cooperativity has 
been applied to supramolecular chemistry and was recently discussed in the con- 
text of self-assembly [18] (see below). 

Conceptually related to the chelate effect, multivalency [19] describes the unique 
thermodynamic features arising from binding a host and a guest each equipped 
with more than one binding site. Although sometimes not used in a stringent 
way in the chemical literature, one should use the term “‘multivalency’” only for 
those host-guest complexes, in which the dissociation into free host and guest re- 
quires at least the cleavage of two recognition sites. The concept of multivalency 
has been introduced to adequately describe the properties of biomolecules [20]. 
For example, selectivity and high binding strengths in recognition processes at 
cell surfaces usually require the interaction of multivalent receptors and substrates. 
Due to the complexity of many biological systems, limitations exist for a detailed 
analysis of the thermochemistry and kinetics of multivalent interactions between 
biomolecules. For example, the monovalent interaction is usually unknown and 
thus, a direct comparison between the mono- and multivalent interaction is often 
not feasible. The sometimes surprisingly strong increase of binding energy 
through multivalency is thus not fully understood in terms of enthalpy and en- 
tropy. 

Recently, this concept was applied convincingly to artificial supramolecules. The 
examination of artificial, designable, and less complex multivalent systems pro- 
vides an approach which easily permits analysis of the thermodynamic and kinetic 
effects in great detail. As an example, the binding of a divalent calixarene ligand 
bearing two adamantane endgroups on each arm binds more strongly to a cyclo- 
dextrin by a factor of 260 compared with the monovalent interaction – a much 
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Fig. 1.2. Molecular elevator synthesized by utilizing multivalency. The 
position of the wheel component can be controlled by protonation/ 
deprotonation. 


higher increase than expected for merely additive interactions. If offered many cy- 
clodextrin hosts on a surface, the binding constant again increases by 3 orders of 
magnitude [21]. Another example is shown in Fig. 1.2 [22]. A three-armed guest is 
capable of forming a triply threaded pseudorotaxane with the tris-crown derivative. 
Attachment of stoppers at the ends of each arm prevents deslippage of the axle 
components. The trivalent interaction increases the yield of the synthesis through 
favorable entropic contributions. At the same time, the function of a “molecular 
elevator" is implemented: depending on protonation and deprotonation of the dia- 
Ikyl amines, the crown ethers move back and forth between two different stations 
along the axle. 


1.3.4 
Self-assembly and Self-organization 


Self-assembly [23] is a strategy used by supramolecular chemists to reduce the ef- 
forts required for the generation of complex structures and architectures. Instead 
of tedious multistep covalent syntheses, simple building blocks are programmed 
with the suitably positioned binding sites and upon mixing the right subunits, 
they spontaneously assemble without any additional contribution from the chem- 
ist. Several requirements must be met: (i) the building blocks must be mobile, but 
this requirement is almost always fulfilled with molecules in solution due to Brow- 
nian motion; (ii) the individual components must bear the appropriate information 
written into their geometrical and electronic structure during synthesis to provide 
the correct binding sites at the right places. Since their mutual recognition re- 
quires specificity, self-assembly is a matter of well pre-organized building blocks 
(see above); (iii) the bonds between different components must be reversibly 
formed. This means that the final aggregate is generated thermodynamically con- 
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trolled under equilibrium conditions. This aspect is important, because kinetically 
controlled processes do not have the potential for error correction and thus usually 
lead to mixtures. The reversibility of self-assembly processes also results in quite 
dynamic aggregates prone to exchange reactions of their building blocks. 

Self-assembly is ubiquitous in nature [24] and often occurs on several hierarchy 
levels simultaneously in order to generate functional systems. For example, the 
shell-forming protein building blocks of the tobacco mosaic virus [25] need to fold 
into the correct tertiary protein structure before they can be organized around a 
templating RNA strand. All these processes are mediated by noncovalent forces 
which guide the formation of secondary structure elements on the lowest hierarchy 
level. These form the tertiary structure on the next level which displays the neces- 
sary binding sites for the assembly of the virus from a total of 2131 building blocks 
to occur as programmed on the highest level. Other examples for hierarchical self- 
assembly are multienzyme complexes, the formation of cell membranes with all 
the receptors, ion channels, or other functional entities embedded into them, or 
molecular motors such as ATP synthase. Self-assembly is thus an efficient strategy 
to create complexity and – together with it — function in nature. 

Self-assembly has also been applied to numerous different classes of complexes 
in supramolecular chemistry [26]. Since we cannot discuss them all here, Fig. 1.3 
shows only one example of a capsule reversibly formed from two identical self- 
complementary monomers which are bound to each other by hydrogen bonding 
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Fig. 1.3. Self-assembling "softball". Right: Computer model of the 
softball bearing the hydroquinone spacer (side chains are omitted). 
Box (left): Different monomers which form dimers with cavities of 
volumes between 187 and 313 A? depending on the spacer length. Left: 
A selection of good guest molecules which can occupy the cavity inside 
the capsule. 
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[27]. The two monomers can encapsulate guests in the interior cavity of the cap- 
sule. Even more than one guest can be encapsulated, and reactions can be cata- 
lyzed inside. 

Another term which is often used in the literature as synonymous with self- 
assembly is self-organization. However, again, we should be precise with respect 
to the meaning of the terms we use. One suggestion for definitions would be to 
distinguish processes which lead to the thermodynamic minimum and thus lead 
to chemical equilibria. These processes should be called self-assembly processes. 
On the other hand is the broad variety of spontaneous organization which occurs 
far away from the thermodynamic equilibrium. Many processes in living organ- 
isms are examples for self-organization in this sense. The major difference be- 
tween self-assembly and self-organization is that self-assembly occurs even in a 
closed system while self-organization can be characterized as a steady state in 
which a system remains without falling to the thermodynamic minimum, because 
energy is constantly flowing through it. This definition has the advantage that it 
makes a clear difference between the two terms. This advantage however comes at 
the price that it is experimentally difficult to determine which is which by simple 
criteria. 


1.3.5 
Template Effects 


One way to control the outcome of a reaction is templating. Like in the macro- 
scopic world, a chemical template organizes reaction partners and thus allows the 
chemist to control their reactivity to achieve the formation of a desired product. 
However, it is almost impossible to give a concise definition of the term "template" 
[28]. Templates span the whole range from biochemistry with its complex appara- 
tus for DNA replication [29] to the formation of structured inorganic materials [30] 
to the templated synthesis of macrocycles [31] to the preparation of supramolecular 
catalysts [32] — just to name a few examples. Nevertheless, all these have in com- 
mon that a template must serve different purposes: (i) it organizes reaction part- 
ners for the formation of a desired product whose synthesis cannot be achieved in 
the absence of the template. Thus, a template controls reactivity and produces 
form; (ii) the template needs to bind to the reaction partners. Molecular recogni- 
tion is thus a necessary prerequisite for template syntheses and the binding sites 
of the components must be complementary to each other. Usually, binding is due 
to noncovalent bonds, although examples for covalent templates exist; (iii) the con- 
trol of reactivity and the recognition of the reaction partners imply information to 
be programmed into the template which is transferred to the product of the reac- 
tion. 

There are different ways to categorize templates. One could for example try to 
distinguish template effects according to the (non-)covalent interactions involved. 
This classification remains ambiguous for templates operating through different 
forces at the same time. A maybe better way to classify templates relates to their 
topography. The early templated crown ether syntheses utilized alkali metal ions 
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around which macrocycles form with size selectivity [33]. Such templates are con- 
vex, because of their convex surface mediating the template effect. In contrast, a 
receptor binding two molecules which react inside a cavity is concave. This is true 
for many templates leading to mechanically interlocked species. One of the most 
prominent natural templates, i.e. single-stranded DNA, could be called a linear 
template according to this classification. Finally, a surface on which molecules 
self-assemble into an ordered array [34] may be considered as a planar template. 
[35]. 

Although there certainly is some overlap, one should distinguish between a reac- 
tant, a template, and a catalyst [36]. A strict definition would stress that the tem- 
plate must be removable after a successful reaction, while a reactant at least in 
part remains in the product. However, these definitions become blurred. For exam- 
ple, the synthesis of rotaxanes, catenanes, and knots [37] often relies on macro- 
cycles which in their cavity bind an axle component in a pseudorotaxane fashion. 
Thus, the macrocycle acts as the template which organizes the axle in a threaded 
geometry. Ring closure of the axle or the attachment of stoppers lead to catenanes 
or rotaxanes, respectively. The macrocyclic template finally becomes part of the 
product according to the strict definition would be considered as a reactant rather 
than a template. Nevertheless, this view on the synthesis of interlocked molecules 
— one out of many examples is shown in Fig. 1.4 — neglects the organization of the 
two pseudorotaxane components which is essential for the formation of the me- 
chanical bond. Thus, these syntheses are widely accepted as template-mediated in 
the chemical literature, although the use of removable transition metal ions for the 
synthesis of mechanically interlocked molecules [38] is probably the only true tem- 
plate synthesis for interlocked molecules in the strict sense. It is similarly difficult 
to separate templates from catalysts: on one hand, many templates do not promote 
catalytic reactions, because the template does not generate turnover. They need to 
be used in stoichiometric amounts and have to be separated from the product. On 
the other hand, some catalysts do not organize the reactants in space but rather 
change their intrinsic reactivity as for example encountered in general acid or 
base catalysis. Thus, they cannot be regarded as templates. These are the clear-cut 
cases. However, mixed forms exist, where a template is bound reversibly to the 
product or where a catalyst organizes the reactants with respect to their geometry. 
We therefore put forward a more abstract view of what a template is and consider a 
template as the sum of all connections between the species reacting with each 
other which are involved in geometrically controlling the reactivity in the desired 
way. It is the array of interactions and their spatial arrangement that count. 


1.3.6 
Self-replication and Supramolecular Catalysis 


While multivalency, self-assembly, and template effects provide strategies aiming 
at generating more and more complex architectures, supramolecular chemistry 
can also be utilized for controlling reactivity and even catalyzing reactions. Closely 
related to organocatalysis, supramolecular catalysts [39] accelerate reactions by 
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Fig. 14. Anion-templated rotaxane synthesis. The axle center piece is 
threaded through the macrocycle's cavity by hydrogen bonding. 
Stopper attachment to both axle ends traps the wheel on the axle. 
Inset: hydroquinone-based center piece which can also be used, but 
with lower efficiency. 


lowering the barriers. The principles by which they fulfil the task are very different. 
Increasing the local concentration of the reactands by encapsulation is one exam- 
ple (see Fig. 1.3 above), increasing the intrinsic reactivity of carbonyl compounds 
through hydrogen bonding [40] is another and many more exist. 

Originating from the question how the living organisms came into existence, 
self-replication is a special, but certainly intriguing case of supramolecular catal- 
ysis. If one thinks about the complex ribosome, which nowadays transscribes ge- 
netic information stored in nucleic acids into proteins, which then become in- 
volved in the duplication of DNA, it is immediately clear that this apparatus is 
much too complex to self-organize accidentially at the beginning of life. Instead, 
much simpler mechanisms must have existed in the early world. In order to find 
an answer, several research groups provided evidence that short DNA oligomers 
are indeed able to self-replicate in the presence of the appropriate template [41]. 
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Fig. 1.5. A minimal self-replicating system. In the presence of 
template A, the two reactands on the left are organised in a way 
suitable for a 1,3-dipolar cycloaddition reaction. The pyridineamide part 
of the template recognizes the acid substituent in the reactand, while 
the second reactand is recognized by the carboxylic acid incorporated 
in the template. Particularly interesting is the fact that template A 
favors its own formation, while the other stereoisomer B is formed only 
in low amounts. 


Later, suitable o-helical peptides have been shown to self-replicate as well [42]. In 
the context of supramolecular chemistry most interesting are however organic 
minimal-replicators [43] which are not based on biomolecules. Figure 1.5 shows 
an example for a minimal self-replicating system, which operates even in a chiro- 
selective way. One given enantiomer of the template catalyzes its own formation, 
while the other enantiomer is by and large suppressed. 


1:3.7 
Molecular Devices and Machines: Implementing Function 


Early supramolecular chemistry certainly focussed on the noncovalent bond and 
the beauty of structures which can be generated employing it. This is certainly the 
case for topologically interesting molecules such as rotaxanes, catenanes, knotanes 
and Borromean rings [37]. It also holds for the generation of self-assembling cap- 
sules, helicates [44], or metallo-supramolecular tetrahedra, octahedra and the like 
[45]. However, the focus has shifted in contemporary supramolecular chemistry to- 
wards the implementation of function into noncovalent architectures. The scope of 
function is broad and ranges from light-induced energy and electron transfer pro- 
cesses [46] and molecular wires [47] to switches [48], molecular “motors” [46], and 
devices for the active pH-driven transport of molecules through membranes. This 
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area is too broad to give a satisfying introduction here and thus, the reader is re- 
ferred to the literature cited. 


1.4 
Conclusions: Diverse Methods for a Diverse Research Area 


The admittedly short and simplified considerations above make clear that one aim 
of supramolecular chemistry is to mimic natural processes. The above sections de- 
liberately chose examples from biochemistry as well as the multitude of artificial 
supramolecules in order to point to the relations which exist between the two 
fields. Understanding the details of noncovalent binding is much more difficult in 
a complex biomolecule, and thus simple model systems provide the basis for a 
more profound analysis. However, supramolecular chemistry goes beyond merely 
creating model systems for naturally occurring species. In contrast to biomole- 
cules, supramolecular chemistry can utilize the whole range of conditions achiev- 
able, for example with respect to the use of organic solvents, in which many bio- 
molecules would lose their integrity, because they are designed for an aqueous 
surrounding. Higher or lower temperatures or different pressures can also be ap- 
plied. Supramolecules may even find their applications under conditions where 
biomolecules would not have the necessary long-term stability. The implementa- 
tion of function also aims at new functions which are not realized in nature. In 
particular, the latter two aspects lead us to the second research area to which supra- 
molecular chemistry contributes significantly: material sciences. Self-assembly, for 
example, is a strategy to create long-range order and has even been applied to par- 
ticles on a micro- to millimeter scale [49]. 

If one thinks about function, in particular switches, logic gates, and molecular 
wires, it becomes clear that supramolecular chemistry is also about information 
processing. However, it is not only its potentially upcoming use in microelec- 
tronics: information processing begins at a much more fundamental level. Tem- 
plates transfer spatial information between molecules; in order to achieve correctly 
self-assembling species, the building blocks of the assembly need to be pro- 
grammed with the appropriate binding sites. Information transfer and information 
processing already starts at the molecular level. 

A view back on the last few decades makes perfectly clear that supramolecular 
chemistry has become a highly diverse field which requires the interdisciplinary 
use of a huge variety of methods to answer the scientific questions addressed. Di- 
versity however is not the only challenge for the methods that are needed. The 
complexity of the architectures meanwhile realized requires sophisticated structure 
analysis tools. The highly dynamic features of supramolecules need kinetic meth- 
ods able to address many different time scales. Gathering evidence for the func- 
tions implemented is impossible without a sound methodological basis. Finally, 
the wish to image and influence single molecules led to the application of scan- 
ning probe microscopy to supramolecular systems. The present book intends to 
take this into account and to provide an overview on methods used in supramolec- 
ular chemistry — even though it is probably not possible to be comprehensive. 
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2 
Determination of Binding Constants 


Keiji Hirose 


2.1 
Theoretical Principles 


24.1 
The Binding Constants and Binding Energies 


Generally, the formation of a complex between a host and a guest is a basic and 
important process in supramolecular chemistry. Selectivity in the complexation is 
an important property in determining the molecular recognition ability of the host 
molecule that discriminates among different guest species. The ratio of the bind- 
ing constants of the corresponding complexations is usually treated as a measure 
of selectivity. Because binding constants have been used as a basic criterion for the 
evaluation of the host-guest complexation process, a binding constant (K) has to 
be determined for the quantitative analysis of a complex formation [1, 2, 3]. In ad- 
dition to the ratio of binding constants, the temperature dependence of selectivity 
is also important to gain insight into the origin of supramolecular functions. In- 
deed, some supramolecular systems have been reported to show a large influence 
of temperature on selectivity [4] including temperature dependent inversion of 
enantioselectivity [5]. Therefore, thermodynamic parameters [enthalpy (AH), en- 
tropy (AS) and Gibbs free energy (AG)| are more suitable criteria in order to ex- 
press the molecular recognition abilities. 

Through Eqs. (2.1) and (2.2), the thermodynamic parameters, binding constant, 
and temperature (T) are related to each other as described in Fig. 2.1 and Eq. (2.3), 
the van't Hoff equation. Theoretically, the determination of binding constants at 
different temperature offers these thermodynamic parameters from the slope and 
the intercept of line in Fig. 2.1. The binding energy (AG) at a distinct temperature 
is calculated using the obtained AH, AS and T according to Eq. (2.2), the Gibbs- 
Helmholtz equation. Therefore, the important point in the quantitative analysis of 
host—guest complexation is how to determine the binding constant with high reliability. 


AG = -RTIn К (2.1) 
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Fig. 2.1. Van't Hoff plot, i.e. the correlation of AH, AS, K and 
temperature according to the van't Hoff equation. 
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AG — AH — TAS (2.2) 
AH 1 AS 
lK--—— 54+ — 2.3 
> In R T Р (2.3) 
2.1.2 


A General View on the Determination of Binding Constants 


A general way to determine the binding constant is based on a simple binding 
equilibrium model, i.e. Eq. (2.4). The terms binding constant, equilibrium con- 
stant, and stability constant are synonymous with each other. The activity coeffi- 
cients are generally unknown and the stability constant K, based on the concentra- 
tions, is usually employed. Judging from this situation, the question of the activity 
coefficients of the solutes is disregarded here in order to simplify the discussion. 
Nevertheless, it should be remembered that this point is not always insignificant. 

The basic equations for the host-guest complexation are the following four Eqs. 
(2.4)- (2.7). 








a-H+b-Gec 2.4 

K= 19 D 255 
[H]" - [G] 

[Н], = [H] + а: [C] 2.6 

(Gl, = [G] + b - [C] 27 


with H: host; G: guest; С: complex (Н, · Gy) 

a, b: stoichiometry as shown in Eq. (2.4) 

[Н]о: initial (total) concentration of host molecule 

[G]o: initial (total) concentration of guest molecule 

[H], [G], [C]: equilibrium concentrations of host, guest, and complex, respectively 
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Equation (2.8) is derived from Eqs. (2.5)- (2.7). 


[C] 


K= a b 
(19), = а: [СУ - ([G]o = b - [C]) 





(2.8) 


The parameters can be classified as follows: 


K, a, b: Constants (a and b are integers larger than or equal to 1.) 
[H]o, [G]o: Variables which can be set up as experimental conditions 
[н], [G], [C]: Variables dependent on the equilibrium 


2.1.3 
Guideline for Experiments 


From Eq. (2.8) and the classification of its parameters, we can deduce the following 
guideline for experiments to determine the binding constant. When [C] is obtained 
at the equilibrium in which a and b are known, K can be derived directly according 
to the Eq. (2.8) from the experimental conditions, [Н], and [G]o. Consequently, 
in order to determine the binding constants, the following four steps have to be 
carried out: 


* determination of stoichiometry, namely, a and b 

* evaluation of complex concentration, [C] 

* setting up the concentration conditions, [H]o and [G]o 
* data treatment. 


The following sections deal with the principle and also the practical issues nec- 
essary for an understanding and performance of the above four points in this 
order. 


2.2 
A Practical Course of Binding Constant Determination by UV/vis Spectroscopy 


2.2.1 
Determination of Stoichiometry 


There are different methods to determine the stoichiometry, e.g. Continuous Vari- 
ation Methods [6], the Slope Ratio Method [7], the Mole Ratio Method [8], and 
others. Because the Continuous Variation Method is the most popular among 
these, this method is adopted here to determine the stoichiometry. 

In order to determine the stoichiometry by the Continuous Variation Method, 
the following four points have to be considered and carried out: 


20 


2 Determination of Binding Constants 


Maximum 


[C] 





i [H]o 
= 1 [H]o*[G]o 








Fig. 2.2. Determination of stoichiometry (a, b) from the x-coordinate 
at the maximum of the curve in Job’s Plot. 


e keeping the sum of [Н], and [С] constant (о) 
* changing [H]o from 0 to « 

* measuring [C] 

* data treatment (Job's plot). 


The stoichiometry 5) is obtained from the x-coordinate at the maximum 
a 
; ; WE no [Н 
in Job's curve (Fig. 2.2), where the y-axis is [C] and x-axis is и. 
([H]o + [G]o) 
For the comprehension of the theoretical background of the Continuous Varia- 
tion Method, the required equations are (2.4)-(2.7) and (2.9)-(2.11). 


а= |Н), + [Glo (2.9) 
м 

= нь + Go о 
у= [C] (2.11) 


[Ну апа [С] will be substituted by the function of x and х from Eqs. (2.9) and 
(2.10). 


[Н], = «x (2.12) 
(Gl; = а-а: х (2.13) 
From Eqs. (2.4)-(2.7) and (2.11)-(2.13): 

y 


(nx ay (a bry-ax)") 
— K-(x—b:y—a-x)"-(a-.x—a-y)*—y (2.14) 


K= 
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The Eq. (2.14) is then differentiated, and the 2 is substituted by zero. Then the 
x 


x-coordinate at the maximum in the curve is obtained. 


K-[a— b: утах). (xa: ^Y 


d 
+ (a-by- o exa у] => 
K-|(a—b-yp—a-x)”-a-(a-x—a-y)*'- РЕС. 
dx 
b-1 dy a _ dy 
+b-(a—b-y—a-x) (--2-« -(x-x— a: y) = e 
mm dy . 
Substitution of ds by zero yields: 
x 


K-[(x—b-y—a-x)^-a-(x-x—a-y)^-a 


+b- (a— b- уа: х). (о): (x: x — a- у) 20 


je 


Division by K - («= р: y—a:x - (ax — а: у). а produces 


a- (а=. у= а.х) -Ь. (я х-а: у) =0 





a-a—a-b-y—a-a-x—b-a-x+b-a-y=0 





a-4—a-4-x—b-4-x=0 
Division by «. 


a—ax—bx=0 








a 
= х = 2.15 
xem (2.15) 
А а. . А dy 
Equation (2.15) means that Zub is the x-coordinate at the maximum qe 0 


in the curve of Eq. (2.14). It thus provides the correlation between the stoichi- 
ometry and the x-coordinate at the maximum in Job's plot. For example, when 1:1 
complexation is predominant at the equilibrium, the maximum appears x — 0.5 
(a — b — 1). In the case of 1:2 complexation, the maximum is at x — 0.333. 

The practically important point here is the following: Even if the concentration 
of complex ([С]) could not be measured directly, the [C] (y-axis) can be replaced 
with a parameter proportional to [C]. Then the same x-coordinate and with it the 
same stoichiometry is obtained at the maximum as that in Job’s plot. This means 
the stoichiometry can even then be determined even when [C] cannot be obtained 


22 


2 Determination of Binding Constants 


absorbance 





Fig. 2.3. Representative UV/vis spectra to show correlation of 
observed spectra and each component. 


directly. The practical question for each individual experiment is then how to mod- 
ify the y-coordinate. 

Depending on the selected experiment, a suitable observable property should be 
selected and the complex concentration [C] should be replaced by it in Job’s plot. In 
the following, UV/vis spectroscopy is discussed as a representative example. 

The concentrations and absorbances of each species are related as the following 
Eqs. (2.16)-(2.18) in the case of investigation by means of UV/vis spectroscopy. The 
observed absorbance is expressed as Eq. (2.19) and Fig. 2.3. The length of the opti- 
cal cell is fixed here to 1 cm as a premise. The definitions of the abbreviations are 








given below. The definitions of other abbreviations (a, b, [H]o, [С], [H], [G], [C] 
are the same as described before. 
An = & : [H] = &:([H]y — a-[C]) 2.16 
Ag = & [6] = eg ([С] — b [С]) 2.17 
A; = є, [C] 248 
А = An + Ag + Ac 2.19 


Ao: observed absorbance 
An, Ag, Ac: absorbances of host, guest, and complex respectively 
Eh, €g, ес: molar absorptivities of host, guest, and complex respectively 


Equation (2.19) is transformed to Eq. (2.20) by using Eqs. (2.16)-(2.18). 
А = ё, : ([Н]о — а: [€]) + eg · ([G]o р: [C]) + - [C] 
= As — & : [Н] — [С = (€c — а ер — b е) - [C] (2.20) 


Equation (2.20) shows that А; — €n - [Н], — eg - [С] is proportional to [C] be- 
cause (ec — a: ер — Б eg) is constant. The molar absorptivities e}, =, can be deter- 
mined from independent measurements using the pure host and the pure guest, 
respectively. The concentrations [H]o, [G]o, are known because they are the experi- 
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Fig. 2.4. Modified Job's Plot for complexation of host and guest by 
UV/vis spectroscopy: + observed; ------- : calculated. 


mental conditions set up by the experimenter. Consequently, (А; — én · [Н], — 
гр [С],) is determined from the experiments by means of UV/vis spectroscopy. 
The stoichiometry is determined from the x-coordinate at the maximum in the 
curve which might be called a modified Job's plot where (Ao — én - [Н], — £g · [С]о) 
is plotted as the y-coordinate instead of [C]. An actual example of this modified 
Job’s plot is shown in Fig. 2.4. The x-coordinate at the maximum in the curve is 
0.5. This supports the 1:1 host-guest complexation. To get a better feeling of the 
practical experiment, a spreadsheet for the Continuous Variation Method is at- 
tached as Appendix 2.1 [9]. 


2.2.2 
Evaluation of Complex Concentration 


When the observed property is the complex concentration ([C]) at equilibrium it- 
self, there is no difficulty. But the actual complex concentration cannot be observed 
directly in most cases. Thus, the question how to evaluate [C] is an important prac- 
tical issue. The practical way depends on the property that can be observed in each 
experiment. In this section, two typical cases for the evaluation of the complex con- 
centration at the equilibrium by UV/vis spectroscopic methods are discussed. 


Case 1: the absorption bands of host, guest and complex overlap From Eq. (2.20), 
the following Eq. (2.21) is derived. 


Aobs — & : [H]g — & · [G]o 
& — пер — Вр 





[C] = (2.21) 
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If all constants (a, b, n, & and ec) could be obtained, [C] could be determined 
using A,,; and the experimental conditions, і.е. [Н], and [G]o. Since the molar 
absorptivity of the complex (¢,) is not measurable directly, a titration experiment 
and regression are necessary for the evaluation of complex concentration. 

This is the most complicated case of host-guest complexation detected by means 
of UV/vis spectroscopy because the absorption bands of all components, host, 
guest and complex, overlap. However, quite often, the situation can be simplified 
by choosing a detection wavelength, at which one component (e.g. the guest) has 
a c = 0. This scenario is discussed next (Case 2). 


Case 2: the absorption bands of only two components overlap As a typical example, 
the complexation of a chromophoric chiral crown ether and an amino alcohol in 
chloroform is shown in Fig. 2.5. In the visible region, 2-amino-1-propanol (2) has 
no absorption. However, both host 1 and complex 3 show clear absorption bands 
which overlap. In Fig. 2.5, UV/vis spectra of a chloroform solution of pure 1 and 
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Fig. 2.5. Typical example of spectral changes caused by host-guest 
complexation: UV/vis spectra and corresponding pictures: 

(a) A chloroform solution of host 1 (1.85 x 1077 M) at 25 °C 

(solid line); (b) The same solution as (a) containing 2 equivalents 
of (R)-2 (dotted line). 
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its mixture with 2 are shown. In order to avoid the complexity arising from over- 
lapping absorption bands and to maximize the spectral change, a detection wave- 
length of 555 nm was chosen for the measurements. In this example, £g is zero, 
En is small but not negligible, and є, is large at Amax of complex 3 (555 nm). 

For this case, Eq. (2.21) can be simplified and yields Eq. (2.22) just by substitu- 
tion of г, by zero. 


Ао — ёр н], 


E= 
[c €; — A: Eh 


(2.22) 


Compared with Eq. (2.21), Eq. (2.22) is significantly simplified. Because three pa- 
rameters (b, гр, and [G]o) disappear from Eq. (2.21), data treatment is also much 
simpler. If all constants (а, г, and ej) were obtained, [C] would be determined 
using A, and the experimental condition, [H]o. Nevertheless, Since the molar 
absorptivity of the complex (e;) is not measurable directly, a titration experiment and 
regression are necessary for the evaluation of complex concentration in this case. 


2.2.3 
Precautions to be Taken when Setting Up Concentration Conditions of the Titration 
Experiment 


Each method for binding analysis has limitations. There are dangerous sources of 
systematic errors that are often encountered in host-guest complexation, that is, 
the danger of carrying out titrations at concentrations unsuitable for the equilib- 
rium being measured. The origin of this error will be discussed and methods for 
avoiding these problems will be presented in the following three sections. 


2.2.3.1 Correlation between [Н], [С], x and К 

The experimental conditions that can be set up by the experimenter are [H]o and 
[G]o (see Eq. (2.8) and classification of variables). How should the experimental 
conditions, [H]o and [G]o, be changed for the titration? There are so many possibil- 
ities described graphically in Fig. 2.6 containing a dilution experiment, a continu- 
ous variation experiment, a constant [H]o with different [G]o experiment and two 
more complicated examples. The criteria to decide the way of change might be as 
follows; 


• reliability 

* easy ways for experiment and calculation 
* applicability 

* acceptability. 


Let us consider how to choose the experimental conditions, [Н], and [G]o using 
a 1:1 host-guest complexation stoichiometry for simplicity. 


H+G2c (2.23) 
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= узе 


[H]o 


[Glo 


Fig. 2.6. Graphical representation showing possible ways to change 
[H]o and [G]o for a titration experiment. 


From Eq. (2.8) 








[C] 
K= (2.24) 
([H]o = [C]) - ([6], — ©) 
Let us figure the correlation between K and complexation ratio (x). 
(c 
| (2.25) 
н], 
then Eq. (2.24) is transformed to 
E (2.26) 


T" 0-3 (еј - Ho » 


Figure 2.7 is the graph of Eq. (2.26) where x (x-coordinate) is 0 to 1, K (y- 
coordinate) is 10 to 100000000, and [Н]о is 0.01 to 0.000001, [Н], = [С] as а 
premise. In general, caution is expressed as: measurements below 2096 and above 
8096 complexation ratio (x) yield uncertain values." This caution is interpreted 
with Fig. 2.7 as follows. 

The steep rises of K at the complexation ratio ranges less than 2096 and more 
than 8096 cause the transfer of magnified errors from the complexation ratio into 
K. When K is determined based on the measurement of a property directly con- 
nected to or proportional to the complexation ratio, the obtained errors in K are 
magnified compared with those for the observed property. In the case where 
[H]o = 0.0001 M as an example, the complexation ratio is between 0.2 and 0.8 
when К is between 3000 and 200000 М-!, so an accurate experiment is carried 
out. This brief discussion shows, how the accuracy of K is governed by the choice 
of concentrations, [Н]о, [G]o and also К itself. 
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Fig. 2.7. The correlation between complexation ratio (x) and binding constant (К). 


2.2.3. How to Set Up [H]o 

Setting up the concentration of host [Н]о is limited by the measured properties, 
the apparatus, and other features of the experiment. For example, [H]o for NMR 
spectroscopy is roughly in the range of 0.01 M with one or two orders of magni- 
tude variation. [H]o for UV/vis spectroscopy, which depends severely on the molar 
absorptivity, is roughly in the range of 0.0001 M. Therefore, [G]o is often the only 
variable which can be set up in a wide range, because [H]o is usually governed by 
the experimental method. 


2.2.3.5 How to Set Up [G]o 
In order to consider how to set up the concentration of [G]o, Fig. 2.8 is drawn 
G 
based on Eq. (2.26) where [Н]о = 0.0001 and ne is changed from 0.1 to 1000. The 
0 
correlation between complexation ratio x and accurately obtainable K range by 
changing [G]o with constant [Н] (= 0.0001 M) is clear when based on Fig. 2.8. 
Considering the suitable x range (0.2 « x « 0.8) for reliable measurement in 


Fig. 2.8, the combination of [H]o, [G]o and K is determined. For example, when 
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Fig. 2.8. The correlation between complexation ratio (x) and binding constant (K). 


[G]o = 0.001 M, and [Н], = 0.0001 M, then [G]o/[H]o = 10, consequently, a reli- 
able range of К of 250 to 4000 М! is obtained by following the arrows in Fig. 2.8. 

By repeating these procedures for several combinations of [H]o, [G]o, the ob- 
tained K ranges are summarized in Fig. 2.9. This figure is useful for a preliminary 
check of the experimental concentration conditions and for choosing a suitable 
experimental method. 

In most cases K is determined with a titration experiment followed by regression 
of the obtained data based on the theoretical equations above. In the commonly 
used titration experiment, [G]o is changed while the range of [Н], change is lim- 
ited. In such a case, the important point is how to set up the range of [G]o. A 
representative answer to this question is obtained by considering the correlation 
between [G]o/[H]o and the complexation ratio based on Fig. 2.10 where the x- 
coordinate is the concentration ratio of guest over host mixed in the cell and the 
y-coordinate is complexation ratio. The graph in Fig. 2.10 is based on Eq. (2.29) 
which is derived from Eq. (2.24) by multiplying both sides of the equation by 
[H]o, dividing the denominator and numerator by [H]o?, then substituting with y 
and x according to Eq. (2.27). 


lo (2.27) 
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Fig. 2.9. Reliable regions of [Н] and [G]o for К determination shown 
for representative concentrations of UV/vis and NMR spectroscopic 
experiments. 
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Fig. 210. Calculated [C]/[H]o over [G]o/[H]o plots: Useful graphs for 
[G]o range determination of titration experiments. 
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y 


B <= ay =p 


(2.28) 


Displacement using the equation а = [Н], · К and transformation produces 
и: у? — (аа. х+1) -у+а-х=0 (2.29) 


Figure 2.10 is obtained by changing « from 0.0001 to 1000, which corresponds to 
0.0001 1000 , 
the change of K from K — [Hi to K = A), Though tracing from the bottom to 
0 0 
the top of the S-curve in Fig. 2.10 is necessary for complete identification of each 
equilibrium, it is possible to determine the binding constant by plotting the data 


TD A as Fig. 2.10 which are obtained from experiment, followed by curve- 
fitting using Eq. (2.29). When [H]o K — 0.01 is picked as an example, the range of 
[G]o for a complete titration is 1 [H]o to 10000 [H]o M as indicated in Fig. 2.10. In 
order to reduce error, the [G]o area should be avoided where lines are close to- 
gether. When the experimental conditions are in an area of this figure crowded 
with graphs, a small error in [G]o causes a plot on a different S-curve whose K is 
much different. Then this unsuitable concentration setting results in the low relia- 
bility of the calculated K value. From this consideration, the range of the complex- 
ation ratio between 0.2 to 0.8 is suitable here again for a reliable measurement. 
The suitable range of [G]o could be obtained from Fig. 2.10. For this example, the 
suitable range of [G]o is that from 25 [Н], to 400 [H]o. This is the range expressed 
relative to [H]o. In order to obtain this suitable range of [G]o, Fig. 2.11 is drawn as 
follows. 
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Fig. 2.11. Useful graph for [С]о range determination of titration 
experiments (x = [Н], - K, В = СИН. 
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From Eq. (2.29) it is possible to express the x-coordinate using х and В as follows, 





" > M 1) (2.30) 
[Gb ,. _ [Q 
“Ну, а = [Н], К, В = TAL, 


The complexation ratio here is р. With Eq. (2.30), the [G]o range for the titration 
experiment where the complexation ratio is 0.2 to 0.8 is obtained as functions of « 
just by entering р = 0.2 or р = 0.8 into Eq. (2.30). The result is summarized in 
Fig. 2.11. On entering « = 0.01, the suitable x range is obtained easily from 
Fig. 2.11 as 


1 G 4 
[Go < 0.8 + —— = 400.8 


252202 < 
OT car [еф 0.01 





One more consideration for the [G]o should be mentioned here by going back to 
Fig. 2.10. When [H]o K is larger than one, the curves are close together even if the 
complexation ratio is between 0.2 and 0.8. Consequently, as a premise for a reliable 
experiment, [H]o K should be smaller than one. When [H]o K is larger than one, 
[H]o should be reduced. When [H]o cannot be reduced, another observable should 
be chosen together with an appropriate spectroscopic method. 

From Fig. 2.11, the [G]o range is limited as described below. 


1 [С] 4 
0.2 + — < == <08+- ћ = [Hjo K 2:31 
Ta mp © += whereo н], (2.31) 


Multiplying by [H]o, followed by transformation results in 


(0.2. [H]- K + 0.25) -= < [с] < (0.8- [Hly- K+ 4. (2.32) 


Ale 


When [Н], К is set up smaller than one, the range of [Н]о К is between 0 to 1. 
Then, 

0.25 < (0.2. [H] : K + 0.25) < 0.45 

4 < (0.8 - [H]o: K +4) x 48 

=> 0.25 - Kais < [С] < 4.8: Кан (2.33) 


Equation (2.33) clearly shows that a suitable [С | range is connected to the extent 
of dissociation constant Ку, (= K~!). Wilcox [10] has also shown clearly the impor- 
tance of the p-value, originally introduced by Weber [11], which is defined as 
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p= 9. when [Н], > [6], (2.34) 
[c] 
p= il, when [С], > [Н], (2.35) 


The criterion for the best condition can be written as 
0.2 < p < 0.8 (2.36) 


Based on this criterion (Eq. (2.36)), the suitable range of concentration for titra- 
tion experiment is shown as below. 


m 


БОК < [6G]; < 10 Ж (2.37) 

This range (Eq. (2.37)) covers the range defined by Eq. (2.33). The concentration 
range of the titration experiment must be carefully chosen based on a preliminary 
estimation of K. 

Summing up, we can conclude with respect to the concentration ranges of host 
and guest: 

For a reliable experiment, the magnitude of K should be predicted with an edu- 
cated guess, then the method decided, e.g. NMR spectroscopy or UV/vis spectros- 
copy or fluorometry, etc., which decides roughly the range of [H]o, and finally de- 
cides the range of [G]o using Fig. 2.11 and/or Eq. (2.32). 


2.2.4 
Data Treatment 


2.24.1 General View 

After this discussion of how to perform the titration experiments in order to collect 
data for reliable K values, the next step is how to treat the data collected, to obtain 
the K values. 

Some data treatment methods are general, some rely on approximations and 
thus are subject to some premises, and some are just regression methods. Typical 
examples of the approximate methods are the Benesi-Hildebrand [12], Ketelaar 
[13], Nagakura—Baba [14], Scott [15], Scatchard, and Hammond [16] methods 
which approximate [G] by [G]o. 

From Eqs. (2.5) and (2.7) and a — b — 1, we derive 


[С], = [G] + К. [H] - ©] 
(2.38) 
= [С], = [611 + K - [H]) 


If K-[H] « 1, it can safely be assumed that [6] = [С]. This condition is 
frequently encountered for weak complexation, where K is small. Furthermore, 
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[G]o > [H]o is usually employed for the practical titration which is thought to 
be essential. However, not all systems can be investigated under this condition 
[G]o > [H]o( K - [H] « 1). 

When the assumption [G]o — [G] can not be applied, other approximation or 
regression methods have to be employed. Here, the regression method is shown. 
Typical examples of the regression methods are the Rose-Drago [17], Nakano 
[18], and Creswell-Allred [19] methods. Because of its wide applicability, a practi- 
cal guide based on the Rose- Drago method is presented here for an example from 
UV/vis spectroscopy. 

Originally, the Rose- Drago method was used for UV/vis spectroscopy for evalu- 
ating acid—base equilibria and complexation of iodine. The only assumption for the 
original method is that there are at most two species observed which obey Beer’s 
law in the concentration range employed. There is no other assumption so that the 
Rose-Drago method is widely applicable. The results are presented graphically in 
this method and by closer inspection one can quantitatively determine the preci- 
sion. An example case is described in the following section. 


2.2.4.2 Rose-Drago Method for UV/vis Spectroscopy 
The Rose-Drago method is described here using a 1:1 host-guest complexation 
stoichiometry detected by UV/vis spectroscopy. The observed property is the ab- 
sorbance which is followed in a titration experiment to collect the necessary ab- 
sorbance data. For the data treatment with the Rose-Drago method, a spreadsheet 
program is attached as Appendix 2.2 [20]. 

Into Eq. (2.8), a = b = 1 is substituted. Then the reciprocal is 








z= d - (Hlo + (Glo) + 8-82 (2.39) 
Combining Eq. (2.21) with Eq. (2.39) gives 
go EC Da te E ыр) 

Но. [Ga (2.40) 


дь 
Ао» = Eh: [н], — £g: [С], 


This is the most complicated host-guest complexation detected by means of UV/ 
vis spectroscopy because the absorption bands of all components, host, guest, and 
complex overlap. 

First of all, the constants cj, and г, in Eq. (2.40) have to be obtained from inde- 
pendent measurements, because they are molar absorptivities of the pure host and 
the pure guest, respectively. Then, Ар; needs to be measured at different combina- 
tions of [H]o and [G]o followed by regression of the obtained data using Eq. (2.40). 
Theoretically, А; values at more than two different combinations of [Н], and [G]o 
give two unknowns, К and eç. 
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Measurement of absorbance at different combinations of [Н], and [С] supplies 
a matrix (Ao, [H]on; [С], | consisting of 3 elements. 


Ат Observed absorbance of n-th measurement 
[H]on Concentration of host molecule at initial stage for n-th measurement 


[G]o, Concentration of guest molecule at initial stage for n-th measurement 


Combining Eq. (2.40) and definition (2.41)-(2.45) leads to Eq. (2.46). 











1 
Ү=— 2.41 
K 
X = & — Eh — ёр 2.42 
ay = Aobsn — ёр‘ [Н — êg ` (G]o, 2.43 
b, = [Alon + [Glon 2.44 
Cn = [H]on ` [G]on 2.45 
Aobsn = Eh: [H]on — ба (G]o, 
Then 
а, 
уро: X 2.46 
x +c ( ) 


According to Eq. (2.46), one combination of data (e.g. (Ao. |H]o1; [С] } and 
(Ao. [Н], [G]o2}) supplies a matrix of answers (X, У}. A representative solution 
is as follows. 

As an example, one combination of data where n — 1 and n=2 (eg. 
{ Аввал, [Hor [Glor} and (Ас, [Н], [С]; }) is used here. 





01 
yz] dau 2.47 
z и ad 
Y-2-btoX (2.48) 


Subtraction of both sides, followed by multiplication by X results in 


(a — с2) - X^ + (b — b) -X + (a, – 22) = 0 (2.49) 








(bi — ba) + b — ba)? — 4- (а — с) (а — m) 


io) (2.50) 


Х = 
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Substituting Eq. (2.47) with Eq. (2.50) yields an expression for Y. 

The obtained {X,Y} is merely an answer which satisfies both Eqs. (2.47) and 
(2.48), but it is not necessarily the chemically correct answer. For example, a chem- 
ically reasonable Y should have a positive sign. Based on such chemical limitation, 
correct sets of answers should be collected. 

The maximum number of obtainable answer pairs (X, У) is „С; pairs for n 
combinations of concentration conditions. For example, 5 pairs of {[H]p,,, [G]on} 
give 10 (= $С›) pairs of (X, У}. These (X, У | are obtained under the premise where 1 
to 1 complexation. No approximation is introduced into this solution. The reciprocal of 
the obtained Y's is the binding constant K. The number of obtained K at this stage 
might be „C2. 


2.24.3 Estimation of Error 
Statistics teaches that the deviation of data based on less than 30 measurements is 
not a normal distribution but Student's t-distribution. So it is suitable to express 
the binding constant K with 9596 confidence interval calculated by applying by 
Student's t-distribution. Student's t-distribution includes the normal distribution. 
When the number of measurements is more than 30, Student's t-distribution and 
the normal distribution are practically the same. The actual function of Student's t- 
distribution is very complicated so that it is rarely used directly. A conventional way 
to apply Student's t-distribution is to pick up data from the critical value table of 
Student's t-distribution under consideration of ‘degree of freedom, ‘level of sig- 
nificance’ and ‘measured data.’ It is troublesome to repeat this conventional way 
many times. Most spreadsheet software even for personal computers has the func- 
tion of Student's t-distribution. Without any tedious work, namely, picking up data 
from the table, statistical treatment can be applied to experimental results based on 
Student's t-distribution with the aid of a computer. In Fig. 2.12, an example is 
shown. When the measurement data are input into the gray cells, answers can be 
obtained in the cell D18 and D19 instantaneously. 

When the confidence interval obtained after statistical treatment is very wide, 
there is high probability that a precise experiment has not been carried out. The 
experimental conditions and also each procedure should be checked then. 


2.2.5 
Conclusion for UV/vis Spectroscopic Method 


The method described here includes no approximation at the data treatment step, 
so it can be used generally. In addition, the required level of mathematical knowl- 
edge is not high, only a formula for polynomials of degree 2, therefore the logical 
basis can be easily understood. Moreover, statistical treatment of the obtained data 
is understandable with primary statistics. These are the merits to use this method 
at first in order to understand the way of determination of binding constants. 
When stoichiometry of the complex is not 1 to 1 or when other premises are not 
satisfied, the way of data treatment should be changed or modified. Nonlinear least 
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Fig. 2.12. Spreadsheet for statistical data treatment based on Student's t-distribution. 


square data treatment is one of the best approximations. Using eqautions (2.8) and 
(2.21) for UV/vis spectroscopy, other complexations may be applied even if a, b are 
not one. 


2.3 
Practical Course of Action for NMR Spectroscopic Binding Constant Determination 


With regard to the NMR spectroscopic binding constant determination, we should 
distinguish two cases differing by the guest exchange rate at equilibrium. In the 
case where the host-guest complexation equilibrium has a similar exchange rate 
compared with the NMR time scale, the NMR peaks broaden and/or disappear, so 
it is impossible to perform any meaningful experiment here. The following two 
cases are suitable for measurement by NMR spectroscopy [21]. 


2.3 Practical Course of Action for NMR Spectroscopic Binding Constant Determination 


Case 1: The host-guest complexation equilibrium, which has a very slow ex- 
change rate compared with the NMR time scale. 


Case2: The host-guest complexation equilibrium, which has a very fast exchange 
rate compared with the NMR time scale. 

It should be briefly mentioned here that temperature and solvent changes may 
help to circumvent problems arising if the process under study occurs with a rate 
comparable to the time scale of the NMR instrument. In such a case, cooling leads 
to slow exchange (case 1), while heating increases the exchange reaction rate (case 
2). Similarly, a less competitive solvent usually slows down the process (case 1), 
while a more competing one accelerates it (case 2). 


2.3.1 
Determination of Stoichiometry 


In case 1 (slow exchange), the peaks which are assigned to the host parts in 
the complex and those to the free host are observed separately in the same NMR 
spectrum. Those peaks appear at individual chemical shifts. In Fig. 2.13, there is 
a representative NMR spectrum where the peaks, which are assigned to a free or 
complexed host, are observed individually with the integration ratio m to n. 
The composition of the complex is H,G,. Then, the integration of host parts in 
the complex over total integration of the host parts is as follows. 


а. [С] _ n 
[Hy m+n 











-Hh = a- [c] (2.51) 


free host 


у complex 


equilibrium (case 1) 






complex 


Fig. 2.13. Representative NMR spectra for slow guest exchange 
indicating the correlation of peak integrations and binding constant K. 
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Fig. 2.14. Representative NMR spectra for fast guest exchange 
indicating the correlation of complexation ratio x and chemical shift. 


The stoichiometry is determined from the x-coordinate at the maximum in the 


curve which might be called modified Job’s plot where 
y-coordinate instead of [C], for the following reason. 





" т [Н] is plotted as the 


Equation (2.51) means that 





[Н] is proportional to [C] since a is constant. 
m+n 


As experimental condition [Н] can be set up. 


n 
The ratio of 





is obtained from the NMR spectral data. 
m+n 


In case 2 (fast exchange), the peaks which are assigned to the host parts in the 
complex and those to the free host are averaged. 

Figure 2.14 shows a representative NMR spectrum where the peaks, which are 
assigned to the free and complexed host part, appear at the weighted average 
chemical shift of the free host and complexed host. In this case 


д: observed chemical shift 
On, д: chemical shifts of the free and complexed host, respectively 
x: ratio of complexed host at equilibrium over total host 


а. [С] 
н}, 





д=>д,-(1—х)+д -х and x= 
= [H], - (8 — ðn) = а: [C] - (д; — дһ) (2.52) 


The stoichiometry is determined from the x-coordinate at the maximum in the 
modified Jobs plot where [Н], · (6 — дһ) is plotted as y-coordinate instead of [C] 
for the following reason. 

Equation (2.52) means that [Н], · (д — др) is proportional to [C], since а · (д, — ду) 
is constant. 

As the experimental condition, [H]o can be set up. 

The (0 — ду) are obtained from the NMR spectral data. This case is often ob- 
served for the complexation with crown ether and amine. 


2.3 Practical Course of Action for NMR Spectroscopic Binding Constant Determination 


2.3.2 
Evaluation of Complex Concentration 


For case 1 (slow exchange), Eq. (2.53) is derived from Eq. (2.52) just by a simple 
transformation. With the stoichiometry (a) obtained as described above, [C] is de- 
termined using the experimental conditions ([H]o) according to Eq. (2.53), since 





n 
is obtained from the NMR measurement. 
n 


Ide о (2.53) 





For case 2 (fast exchange), Eq. (2.54) is derived from Eq. (2.52) just by a simple 
transformation. 


5 — à, 
б. — ôn 





[С] = 


ale 


[Но (2.54) 


If all constants (a, дһ, д, and б) were obtainable, [C] would be determined from д 
and the experimental conditions ([Н]о). Since д, cannot be obtained directly, a 
titration experiment and regression are necessary for the evaluation of complex 
concentration. 


2.3.3 
Data Treatment for NMR Method 


2.3.3.1 Rose-Drago Method for NMR Spectroscopy 

In this section, the way to apply the original Rose-Drago method for UV/vis spec- 
troscopy to NMR titration data is described, especially for host-guest systems on 
fast exchange. 

Using the equilibrium of 1 to 1 host-guest complexation as example, the way 
to apply the original Rose-Drago method to NMR spectroscopy is given here. As 
mentioned above, host-guest complexations are classified into two for the determi- 
nation of binding constants by means of NMR spectroscopy. 

When the host-guest complexation equilibrium has a very slow exchange rate 
compared with the NMR time scale, the concentration of the complex is expressed 
as follows (a — 1 in Eq. (2.53)). 


n 


[C] = mtn [Н], (2.55) 


When the host-guest complexation equilibrium has a very fast exchange rate 
compared with the NMR time scale, the concentration of the complex is expressed 
as follows (a — 1 in Eq. (2.54)). 
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ô — Oh 
де — On 





с] = їн (2.56) 


From Eq. (2.39) and Eq. (2.56), the following equation is derived. 


1 (5 —oh) : [Н], 
K (б; — On) 


T [Gly (2.57) 





([H]o + [G]o) + 


Here we carried out the substitution using following definitions (2.58)-(2.62). 








Y= 2 2.58 
K 

X =06,— дһ 2.59 

à, = (ôn — ду) - [Hon 2.60 

b, = [Н] + [G]on 2.61 

[С], 

cp = ae 2.62 

(ôn = др) 


Then the Eq. (2.57) is expressed as follows. 


Y-T-bh-o-X (2.63) 


This Eq. (2.63) is the same as Eq. (2.46). So from this stage, the same procedures 
for UV/vis spectroscopy can be applied for NMR spectroscopy. 


2.3.3.2 Estimation of Error for NMR Method 

Estimation of the error of the Rose-Drago method for NMR spectroscopic data is 
essentially same as that for UV/vis spectroscopy, which is described in correspond- 
ing sections. 


2.3.3.3 Nonlinear Least Square Data Treatment of NMR Titration Method 
This method is widely applicable and generally acceptable but includes an approx- 
imation. In this section, the equilibrium of 1:1 host-guest complexation detected 
by NMR spectroscopy is treated. The observed property is the chemical shift (6). 
The chemical shift data of the titration experiment were collected. 

Equation (2.8), where a — b — 1, translates into Eq. (2.64). 





(io eh x) + | (ts + (Glo +) – 4 Hlo Lol 
2 





[C] = (2.64) 
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Host Stock Solution Guest Stock Solution 


Concentration of Concentration of 
host solution: p guest solution: r 
і=1 


Fab su 


Е Amount of 
Amount of guest solution: s 
host solution: q | 
| 
SS 
i=2 i 


| 
=3 iz4 


Fig. 2.15. Illustration of a typical titration experiment to show procedures and constants. 


This Eq. (2.64) is modified with Eq. (2.56) (rapid exchange NMR and 1:1 stoi- 
chiometry) and the following three definitions. 








ү=ё—& (2.65) 
áp (2.66) 
b=K (2.67) 
Then, 

EMI 
Al 

(He «e +) = | (нь «t +) -4-19 [Sh 
nid 2-[H], 











29. [С], 1 | [G]o 1 : . [G]o 
2 (met? rm) e (Been e) а 


A typical titration experiment is graphically expressed in Fig. 2.15. The host 
solution in NMR tube is titrated by the addition of guest stock solution. Equation 
(2.68) is modified with the following experimental constants and parameters ac- 
cording to the typical experimental method for NMR titration. 
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p: concentration of host solution 
q: amount of host solution 
r: concentration of guest solution 
s: amount of guest solution 














Then, 
то 
IG - = У 
= = J 


Equations (2.72) and (2.73) are 


Hp = 4&2 
[С] _ г.х 
[Н], р. (кх) 


(2.69) 


(2.70) 


(2.71) 


derived from Eqs. (2.69), (2.70) and (2.71). 


(2.72) 


(2.73) 


Then basic Eq. (2.68) is expressed with experimental constants and variables as 


follows. 





























са n | rx 
emer) zs) (2.74) 
ôy 1 TX r 
8 ca) 
ma г - rx 
т келии zs) (2.75) 
Oy 




















(2.76) 


2.3 Practical Course of Action for NMR Spectroscopic Binding Constant Determination 


The approximation procedure of this nonlinear method is described below. 

It is assumed ао and bo where х and р (correction of a and b) are small enough 
so that y is approximately equal to Eq. (2.80) where higher-order parts could be 
omitted from the Taylor series expansion (2.78) of y at (a, b) = (ao, bo). Then х 
and f are calculated which minimize the sum of square deviation. Following is 
the step-by-step procedure. 

First of all, proper a and bo are assumed. 


ee ИЄ (2.77) 
b= bo f 





(a, b: desired parameters; ao, bo: assumed parameters; o, В: correction of a, b) 
Practically the meaning of word 'proper' here might be considered to be ex- 
pressed as follows. B 


a and р are small enough G < 107! and b. <107'). 
0 o 


Secondly, the equation of y is transferred to a linear expression by using this 
approximation. 
Taylor series expansion of y at (a, b) = (ao, bo) is the following Eq. (2.78). 


_ ду ду үү (үү „ 
y= њ+(2) :+(9) "GG А а + b? J, p + (2.78) 


0 д 
The values, yo, (2) ‚ апа (2) are obtained based on the above-mentioned 
0 ло 


Eqs. (2.74), (2.75), (2.76) where а = ao, b = bo. As an approximation, the higher 
order parts can be replaced with zero, because « and f are small enough by the 
assumption. 


e? 02 


Then the following Eq. (2.80) after approximation is derived from Eqs. (2.78) and 
(2.79). 


Oy Oy 
~ PE а | 2.80 
у »«(2) (2) р (2.80) 


The next step is to minimize the sum of square deviations for titration data by 
determining proper « and f. 

Using this Eq. (2.80), deviation d; is defined as follows for each titration step 
(i = 1,2,3,...), where i is the running index. 


ТРИО ERA . 97. 
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The value у; is obtained from Eq. (2.65) for each titration step (i = 1,2,3,.. .). 

0 0 
The values, уо, (2) , and (2) are obtained based on the above-mentioned 
о: oi 

Eqs. (2.74), (2.75), (2.76), where а = ao, b = bo, and constants (р, 4, г, 5) for each 
titration step (i = 1,2,3,...). 

In order to obtain the value х and р where the sum of the square deviation 
(X d?) is minimized, the following equations are the necessary conditions. 


Py p= 
zd =0 (2.82) 
zn 42 =0 (2.83) 
op у | 
ду ду ду 
The dj is the function of у, yo, (= |, |=], хапа f. The values у, уо, | = |, 
А дају \éb/o da), 
and (2) are obtained from Eqs. (2.65), (2.74)-(2.76) so that Eqs. (2.82) and (2.83) 
С 0 


are expressed as functions of two parameters («,f). The two equations with 
two parameters («,/?) are easily solved and give only one pair of answers (0, fj). 
В < 103 ), the 
bo 
assumed ао and bọ are considered to have been proper. Consequently, a = ao + х 
and b = bọ + р are thought to be what was desired to be determined. When х and 
В are not small enough, the assumption of proper ао and bo must be repeated until 
small enough « and f are obtained. 

The practically important point here is how to assume proper ао and bo. Theoretically, 
there is no general rule on how to assume proper ao and bo. A generally recom- 
mended way is as follows. First of all, plausible ао and бо may be used based on 
the information of similar experimental results; then the sum of obtained х and 
do may be used as ao, sum of fj and bọ as bo for the second trial. This trial is re- 
peated until the small enough а and р are obtained. One other way is shown in 
Appendix 2.3 [22], which requires only few repetitions. Another easy way is to use 
the software function, e.g. SOLVER [23], to minimize У d? by changing а, and bo. 
In any event, the finally obtained « and р give д, and К using Eqs. (2.66) and (2.67). 

The above-mentioned nonlinear least square method for the case with two pa- 
rameters (о, 8) is the basic опе and easily extended to the cases with more param- 
eters. Considering the possibility of obtaining the reliable ду of this NMR titration 
experiment, data treatment should be carried out with three parameters for the 
better regression. The programs of spreadsheet software for this three-parameters- 
method are developed and shown in Appendix 2.4 [24]. 


When the values of obtained o, f are small enough Š < 10 ? and 
0 


2.3.34 Estimation of Error for Nonlinear Least Square Method of NMR 
Spectroscopy 

The above-mentioned nonlinear least square method carried out with three param- 

eters may provide more reliable constants, др, де, and К. The constants are obtained 


2.4 Conclusion 


very quickly and efficiently by starting from an assumption of proper do, bo, and со 
by hand or by SOLVER. However, standard deviation of each parameter, which is 
indispensable in order to estimate error for each constant, is not provided. The 
standard deviations of the regression parameters are described in the literature 
mathematically [25]. The elucidation of the standard deviation is a purely mathe- 
matical issue. One of the convenient ways to obtain the standard deviation is to 
apply the “SOLVSTAT” macro [26] to the above mentioned spreadsheet, which is 
easy to use and provides reliable results compared with the commercial program. 
It is also possible to use commercial programs, such as Igor&. The way to elucidate 
the standard deviations is not important but the estimation of error for titration ex- 
periment is indispensable in order to appreciate the reliability of the experiments. 


2.4 
Conclusion 


This chapter describes in detail the theoretical principles underlying binding con- 
stant determinations using only a basic level of mathematics, statistics, and pro- 
grams of spreadsheet software. As a concrete example, a practical measurement 
and a practical data treatment of an UV/vis and NMR titration experiment are 
discussed. The programs attached as Appendices would function with commonly 
available spreadsheet software on personal computers and provide another way to 
understand the contents described in this chapter. The appendices are also useful 
for the reader when running an actual experiment. 
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Isothermal Titration Calorimetry in 
Supramolecular Chemistry 


Franz P. Schmidtchen 


3.1 
Introduction 


Every compound in solution interacts with all others — in principle. In reality, the 
extent of this interaction at any moment in time can vary within a wide range de- 
pending on the exact chemical nature of all individual partners participating and 
their concentration. In this scenario, supramolecular chemistry specifically ad- 
dresses the high-end, strongly interacting fraction of compounds, evaluating the 
origin of their stickyness for each other with the perspective to exploit this compre- 
hension for some application. Despite their strength in interaction, the fundamen- 
tal and common feature in this ensemble is the ready break-up of mutual adhe- 
sions due to thermal collisions, leading to quite rapid interchange of all possible 
pairwise relationships. As a consequence of this reversibility in bonding, a time in- 
variant equilibrium is eventually reached, characterized by uneven amounts of all 
molecular species present, yet subject to their intrinsic preferences to generate a 
uniform chemical potential. The approach to this equilibrium and any later pertur- 
bation by chemical (addition of compounds) or physical (temperature, pressure) 
stimuli is accompanied by an energetic response that can be sensed and quantified 
in relation to the initial perturbation. It is this universality and independence on 
material peculiarities (presence/absence of an indicator probe, transparency, homo- 
geneity, etc.) that renders the measurement of heat energy (calorimetry) traded in a 
process in solution, an indispensable and powerful tool to learn about and charac- 
terize supramolecular interactions [1-11]. 

We must realize at this point that the calorimetric technique entirely builds upon 
the establishment of equilibrium conditions enabling the use and help from equi- 
librium thermodynamics. Many facets of supramolecular chemistry, however, do 
not comply with this prerequisite. Molecular recognition, for instance, in particular 
as a crucial property of all living matter, which exists because of nonequilibrium 
conditions, must be considered a process that relies on kinetic selectivity and thus 
per se is not open to an all-encompassing description of the phenomenon using 
this technique [12]. Similar arguments limit the utility of calorimetry in other vec- 
torial processes like membrane transport, signaling, catalysis or locomotion. Never- 
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theless, though full characterization of flow processes is not possible by calorime- 
try alone, some partial steps may well be, and thus can contribute to the illumina- 
tion of the entire sequence of events. A prominent example illustrating the virtue 
of calorimetric measurements in the biological context is drug design. Though the 
molecular basis of enzyme catalytic function is unlikely to be clarified by calorim- 
etry, the destruction of function by creating high affinity inhibitors is greatly aided, 
because this method exclusively addresses ground state energies and is unable to 
address transient equilibria with transition states. The energetic signature of 
enzyme-inhibitor association determined by calorimetry may even serve as a guide- 
line to combat the development of drug resistance caused by high mutation rates 
in the active centers of the target enzymes [13]. Fortunately, in many flow pro- 
cesses conditions can be found that slow down the overall conversion, allowing 
the energetic determination of transient pre-equilibria states. Compared with 
most spectroscopic methods, calorimetry exhibits a rather slow response to a trig- 
gered change. Yet, many kinetically controlled phenomena can be adjusted to allow 
equilibrium measurements in the seconds-to-minutes time domain and, hence, are 
amenable to calorimetric investigation. These cases add to the vast number of ap- 
plications that are based on true equilibrium supramolecular association as in ion 
sequestration or bulk phase extraction [14]. 

Two decades after the advent of highly sensitive and user-friendly commercial 
microcalorimeters [1–3] the measurement of heat occupies a well established place 
in the investigation of molecular association processes in solution. Understand- 
ably, biological studies claim the largest share and a number of excellent review ar- 
ticles document our comprehension of the subtleties, benefits and pitfalls of the 
method in these fields [4-11]. A number of experts commendably also evaluate 
the progress in applications and elaboration of the technique at regular (yearly) in- 
tervals [15]. With a phase-lag of about a decade other chemical sciences which are 
traditionally devoted to the construction of irreversibly connected covalent frame- 
works discover the virtues and profits of calorimetry as their focus shifts towards 
more fragile and even switchable (e.g. bistable) structural entities [16]. Recruiting 
microcalorimetry as a standard technique in nonaqueous applications also appears 
warranted. 


3.2 
The Thermodynamic Platform 


Supramolecular interactions by definition involve the reversible formation and 
cleavage of bonds not only between the molecular species in focus, let it be for 
example an artificial host-guest pair, the association of an enzyme substrate/ 
inhibitor complex, or the strand pairing of nucleic acids, but include also the re- 
arrangement of the solvation shell of all participating partners encompassing the 
secondary interactions like ion-pairing of charged participants or the solvophobic 
aggregation. The heat evolved or consumed in the shuttling of bonds, thus, is the 
integral result of manifold simultaneous events that add up to a truly global re- 
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sponse. Owing to the huge number of individual species present even in the most 
diluted sample solution, the energetic output is constant for defined compositions 
and framing conditions (р, T) and potential fluctuations are many orders of mag- 
nitude smaller than observable by our most sensitive detectors. In essence, such a 
system behaves much like a black box where input and output can be controlled 
and determined, yet the distribution of influx inside or the origin of eflux eludes 
our immediate inspection. However, correlating the observable energetic output 
with changes happening at the molecular level represents the ultimate goal and 
objective of supramolecular science. The role of calorimetry in this theatre is to 
provide a reliable basis of experimental observables leaving the connection to mo- 
lecular behavior and structural detail open to the creativity in experimental design 
and to the interpretation of the questioner. 

Unlike other useful methods employed in supramolecular chemistry (e.g. mass 
spectrometry, chemical force microscopy), calorimetry reports on ensembles aver- 
aged over time and individual energies of their members. This sets the stage to 
employ the framework of thermodynamics for a full energetic characterization of 
the system under study. Heat as the primary observable in calorimetry is com- 
monly measured at constant (atmospheric) pressure and thus represents an en- 
thalpy change AH. If enthalpy is measured in response of a change in total compo- 
sition of the system, the output depends on the extent of interaction between the 
components permitting access to molecular affinity. Provided just one 1:1 stoichio- 
metric binding process dominates the molecular bond rearrangement the corre- 
sponding constant of mass action Kassoc can be determined. The affinity constant 
Kassoc relates to the Gibbs enthalpy of association AG? according to Eq. (3.1): 








AG? = —RT In Kassoc (3.1) 
AH? АС? 
ме (3.2) 
T T 


With enthalpy AH? and Gibbs enthalpy AG? at hand the change in standard en- 
tropy AS? is easily calculated from the Gibbs-Helmholtz equation (Eq. (3.2)). 
From a single calorimetric experiment at constant temperature the main state 
functions AH, AG and AS of the binding process are accessible, if presumptions 
with respect to the singularity and stoichiometry of the process apply. Conducting 
such measurements at a range of temperatures yields the heat capacity AC, (Eq. 


(3.3)). 


dAH?  TdAS? 
AC EIE EE 3.3 
ы ат ат a 
In principle, AC, itself can be a function of temperature, but in the narrow span of 
temperatures of interest in supramolecular binding there is little risk to approxi- 
mate AC, by Eq. (3.4) where Tı and Т, denote two different absolute temperatures 
furnishing the respective standard enthalpies ЛН”; апа АН°;. 
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AS°, — 45°1 


АН — АНЗ 
АС, = - 
In T; —In Ti 


y a (3.4) 





The heat capacity AC, occupies a pivotal position in understanding supramolecular 
interactions because it represents the temperature gradient of the energetic compo- 
nents composing the Gibbs enthalpy AG and thus allows the affinity to be calcu- 
lated at various temperatures [17]. Quite unlike most covalent bond formations in 
preparative chemistry which are largely enthalpy-dominated and frequently pos- 
sess vanishing heat capacities (cf. “click-chemistry” [18]) all supramolecular pro- 
cesses come along with a substantial variation of the standard enthalpy with tem- 
perature. Associations in general feature negative AC, values which for aqueous 
media in many cases can be correlated with the change in surface area buried 
from solvent on complexation. A typical temperature plot of the state functions is 
depicted in Fig. 3.1. 

The two panels refer to supramolecular complexations having endothermic (A, 
left) or exothermic (B, right) enthalpies at room temperature. Either case is charac- 
terized by the same constant and negative heat capacity (АС, = —200 J mol! К“') 
causing the enthalpy AH to change sign in the temperature span investigated. At 
AH — 0 the complexation is solely entropy driven and the association constant hits 
a maximum at this point. From the diagram it is obvious that AH and the entropic 
component TAS compensate each other leading to a very flat temperature depen- 
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association constant Kassoc (dash-dotted line), 
the enthalpy AH (dashed line), the entropy as 


entropy possess substantial temperature 
dependencies, yet, AG does not change by 


TAS (dotted line) and the resultant Gibbs 
enthalpy G (solid line) for a host-guest 
complexation characterized by: (panel A) 
Kassoc (298 К) = 10? М“', AH (298 К) = 
+20.9 kJ тоГ", АС, = —210 ] K^! mol; 
(panel В) Kassoc (298 К) = 10? М-!, 

АН (298 К) = —20.9 kJ тог“, 


more than 8 kJ over the span from 10 to 40 °C 
rendering the estimation of binding enthalpies 
or heat capacity changes by noncalorimetric 
methods quite problematic. Reproduced with 
permission from A. Velasquez-Campoy et al., 
Biophys. Chem. 2005, 115, 115. 


3.2 The Thermodynamic Platform 


dence of the Gibbs enthalpy AG. Such behavior is a form of enthalpy-entropy com- 
pensation that appears as an intrinsic property of weak (i.e. supramolecular) inter- 
actions [19, 20]. The similarity in slopes of the enthalpy and entropy components 
implies that the change in heat capacity AC, which defines the temperature gra- 
dients according to Eqs. (3.3) and (3.5) must be much greater than the entropy AS. 


dAH 
= AC 


=== А (3.3) 


dTAS 
ATAS AC, +AS 3.5 
dT pt (3.5) 


ДАН dTAS 
dT RI ar Ue if AC, > AS 


In 





Kassoc ——— AH(T,) — T, AC, ( 1 5) y AC, In T (3.6) 
Kassoc( Ty) R T, T R T, 
Consequently, there is no justification for disregard of this quantity as it is fre- 
quently executed in the spectroscopic determination of the binding enthalpy using 

| 5 ; AH 1 AS 

rudimentary van't Hoff relationships (e.g. In Kassoc = — RT + w^ Instead a for- 
mula (Eq. (3.6)) must be used for calculation that honors a nonzero heat capacity 
AC, and allows the derivation of AH(T,) from the affinity constant Kassoc(T;) at the 
reference temperature Т, and a series of binding constants Kassoc obtained at var- 
ious temperatures T by a nonlinear fitting process. The substantial discrepancies 
found between association enthalpies AH obtained by direct calorimetry or via the 
temperature dependence of the association constant using a van't Hoff treatment 
most likely arise from lack of precision in the original measurements eventually 
combined with inadequate data evaluation [21, 22]. Because calorimetry is the 
only method yielding enthalpies as direct experimental observables, the values de- 
rived on this basis appear more credible than from any other alternative method. 

Another result apparent from Fig. 3.1 is the lack of correlation between the 
change in enthalpy AH and Gibbs enthalpy AG. Again this disparity emerges as a 
consequence of enthalpy-entropy compensation, yet it seems fair to state that ap- 
preciation of this fact in supramolecular chemistry is severely neglected. Common 
customs try to correlate measured affinities e.g. in abiotic host-guest systems with 
a goodness of fit (i.e. with binding strength) that is often derived and supported by 
energy-minimized structures delivered by molecular mechanics. Irrespective of the 
consideration of solvent influence which adds another level of complexity such 
comparisons are bound to lead to erroneous conclusions because the contribution 
of the entropy component is excluded a priori. In some instances this may be jus- 
tifiable, however, as a rule the omission of the entropic influence means an ampu- 
tation of an essential property that distinguishes supramolecular from covalently 
connected systems. Because of weaker structural definition of the former, the ener- 
getic signature represents a welcome marker for additional characterization. Two 
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host-guest systems having identical affinity (АС) may greatly differ in composi- 
tion of the enthalpic and entropic contribution and thus possess sharply distin- 
guished suitability for certain supramolecular functions. Our striving for compre- 
hension of structure and function of supramolecular complexation mandates the 
appreciation of the entire span of thermodynamic state functions. Isothermal titra- 
tion calorimetry is currently the most accurate, sensitive, fast and convenient tech- 
nique that can obtain these quantities. 


3.3 
Acquiring Calorimetric Data 


The measurement of heat conveniently takes temperature as an indicator. In mod- 
ern calorimeters, the instrumental design employs two principal approaches that 
are easily distinguished with respect to the effect on the temperature output: In 
the adiabatic mode, heat evolution or consumption by the chemical process under 
investigation leads to a permanent increase or decrease of temperature. The extent 
of the change depends on the heat capacity of the instrument, which must be cali- 
brated in separate experiments. Alternatively, the heat effect may be dissipated to a 
heat sink, so that the measurement following an initial perturbation falls back on a 
constant temperature baseline (isothermal mode). The heat flow may be observed 
directly using a pile of thermocouples (heat conduction device) or may be actively 
regulated to maintain a fixed level (power compensation). Both instrumental de- 
signs reach sensitivities in the nanowatt regime by means of a differential mea- 
surement relative to an internal reference. The schematic blue print of a power 
compensation titration calorimeter is shown in Fig. 3.2. Two coin-shaped identical 
cells (each holding about 1.7 ml) are permanently seated in an insulated compart- 
ment typically regulated 5—10 degrees above the environmental temperature to 
allow a cooling heat flow. Both cells are completely filled, the reference cell contain- 
ing pure solvent and the measurement cell is filled with the solution of one partner 
of the binding reaction to be studied. The other reactant, usually prepared in 10– 
20-fold higher concentration is delivered from a syringe that is coaxially inserted 
through the long access tube. The tip of the syringe is deformed to a paddle to 
allow rapid mixing of the cell contents when the syringe device is rotated at a stir- 
ring rate of 200-400 тїп !. The reference cell is continuously heated to set a tem- 
perature difference of about 0.01 degrees over the nominal temperature of the in- 
sulating jacket. A similar electrical power heater is attached to the sample cell and 
is automatically regulated by a feedback mechanism to minimize the temperature 
difference AT between the cells. On injecting aliquots of several microliters from 
the syringe, the association of the binding partners produces a heat effect that 
raises or lowers the temperature in the sample cell. The deflection of temperature 
triggers the feedback regulator to adjust the electrical power needed to maintain 
identical temperatures in both cells. The change in the respective feedback current 
is the primary signal observed and corresponds to a heat pulse (heat production 
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Fig. 3.3. ITC titration of 0.047 mM cryptand 1 in 50 mM MOPSO- 
buffer, pH 7.0 with 26 x 3 ul 2.0 mM sodium phosphate in the same 
buffer. The blank titration of the phosphate into plain buffer is shown 
at the top deliberately shifted by 1.5 uJ s^! for better viewing. 
Reproduced with permission from E. Grell et al., J. Therm. Anal. Cal. 
2004, 77, 483. 


over time). Integration with respect to time gives the energy that was traded on in- 
jecting the known amount of the reaction partner to the sample cell. If a series of 
injections is made, the compound in the cell is progressively converted to the mo- 
lecular complex leading to diminishing heat effects as the association approaches 
completion. A typical output picture showing the exothermic encapsulation of 
phosphate by cryptand 1 in aqueous buffer at pH 7.0 is depicted in Fig. 3.3. 

The upper panel shows downward directed pulses indicating the diminution of 
the feedback current necessary to keep a zero temperature difference to the refer- 
ence cell as the heat from the exothermic association reaction makes up for the 
rest. The integration of the heat pulses when plotted versus the nominal molar 
ratio of the injected compound over the one contained in the cell yields a titration 
curve that exhibits a characteristic shape. In the case shown in Fig. 3.3 the sigmoi- 
dal appearance reflects the adequate choice of absolute concentration relations to 
allow the determination of the molar enthalpy AH? from the extrapolated step 
height of the curve, the stoichiometry n of the binding process from the position 
of the inflection point along the molar ratio axis (sodium phosphate/1) and the af- 
finity constant Kassoc from the slope in the inflection point. Modern calorimeters 
offer the advantage of having these quantities determined by software routines 
that use nonlinear curve fitting to find the most probable parameters describing 
the supramolecular association with regard to the specifics of the instrument (cell 
volume, volume displacement etc). 


3.3 Acquiring Calorimetric Data 


Of course, a decisive prerequisite in any meaningful evaluation of calorimetric 
data is the judicious choice of experimental conditions, the appropriate correction 
of the data with respect to ubiquitous nonspecific contributions like the heat of di- 
lution or mixing and above all the adequate choice of a model representing the rel- 
evant processes in solution. Similar to many other data evaluations where several 
individual contributions convene to generate a singular output (as e.g. in kinetics) 
adherence of the experimental data to a certain model does not ultimately prove 
the model, but surely disproves all non-fitting alternatives. The various options 
are discussed further below. At this point we shall focus the attention on the pro- 
duction of good quality data that in the end will be all decisive on the success of 
interpretative attempts. 

Paramount to the experimental setup is the purpose of the calorimetric titration 
as it dictates the selection of the dimensionless c-value (Eq. (3.7)) [1]. 


c= n х [А] Kassoc (3.7) 
[A] = concentration of the titrate compound in the cell [М]. 


Kassoc = affinity constant [M^]; n = stoichiometric factor. 


In the case depicted in Fig. 3.3. The c-value amounts to 80 and falls well within the 
range of 5-500 that displays clear sigmoidal curvature and is best suited for the 
calculation of AH, Kassoc and n in a single experiment. 

Balancing the c-value frequently is a game with bold restrictions emerging from 
instrumental sensitivity or unspecific interferences alike. If affinity is high (in arti- 
ficial host-guest systems Kassoc > 10° M71), the concentration required to place 
the c-value in the prospected range may be so small as to cause detection problems 
and insufficient signal-to-noise ratios, especially when the molar enthalpies are not 
great either (|AH| ~ 0—10 kJ mol-). On the contrary, if affinities are quite limited, 
high concentrations of the interacting compounds are needed which may saturate 
the responsiveness of the instrument and bear the risk of covering the effect of in- 
terest by an overwhelming unspecific background response. In many cases, the 
problems at either borderline can be relieved by raising or lowering the tempera- 
ture as modern calorimeters can be used between zero and 80 °C without special 
equipment. The substantial change in heat capacity AC, endemic in supramolec- 
ular interactions may easily shift the enthalpy and Gibbs enthalpy into the desir- 
able range. 

In some instances, the precise estimation of the interaction enthalpy AH or the 
stoichiometry n rather than the affinity constant Kassoc is desired. Then, raising the 
c-value well over 1000 by an increase of the initial concentration is a beneficial op- 
tion. The titration curve will then appear as a step (jump) function as in Fig. 3.4 
because the titrant added in aliquots from the syringe will be totally converted to 
the complex in each addition until the reaction partner in the cell is consumed 
completely. The subsequent injections will only show the spurious heats of dilu- 
tion and mixing and thus will end in parallel to the molar ratio axis. The jump 
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Fig. 3.4. Titration of fluoro-calixpyrrole 2 in dichloromethane (40 x 
4 ul) into a 1.2 mM solution of tetraethylammonium chloride in the 
same solvent. The abrupt step appearance indicates a c-value of 
ca. 4000. 


event marks the molar ratio of the components in the complex and the step height 
gives the molar enthalpy referring to the compound delivered from the syringe. 
This procedure is more accurate than the previous case because no extrapolation 
(fitting) is required. 

Of course, these statements apply for the ideal case when the complex formation 
adheres to a fixed stoichiometry and no other noticeable processes occur simulta- 
neously in solution. Regrettably, this situation is much less frequent than desired. 
Especially in artificial host-guest binding systems, which have not undergone evo- 
lutionary optimization, the observation of nonintegral stoichiometries is the rule 
rather than the exception. If impurities or compound degradation can be excluded 
as a cause (see below), nonintegral stoichiometry ratios always indicate a higher 
complexity in the system that can emerge from the participation of more complex 
species (higher-order complexation) or competing equilibria (e.g. ion pairing). The 
options for remediation from unresolvable interference then are quite limited. In 
addition to changing the temperature which in supramolecular systems is a power- 
ful strategy to arrive at altered and potentially more fortuitous conditions, massive 
dilution to suppress effects from unspecific low-affinity binding has been success- 
ful in some cases. However, the heat pulses in very diluted solutions will lead to 
sensitivity problems as they approach the experimental noise level. Some relief 
can then be expected when covering the entire titration curve with only 7—10 injec- 
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Tab. 3.1. Optimal experimental setting of the molar ratio according to Eq. (3.8). 





c [Eq. (3.7)] Rm 
1 20.0 

5 73 
10 5.3 
50 3.2 
100 27 
500 1.9 





tions. An illuminating discussion of the tuning of experimental parameters can be 
found in the literature [23]. 


Rm = 6.4/с02 + 13/c (3.8) 


Provided the stoichiometry n is secured by supplementary noncalorimetric evi- 
dence and, furthermore, is unperturbed by high concentrations of the interaction 
partners, an analysis of the statistical error allows some recommendations to be 
made for parameter adjustment to optimize the precision [24]. Hence, under these 
prerequisites (which admittedly seldom apply in artificial host-guest systems) the 
enthalpy AH and association constant Kassoc can be determined to less than 1% rel- 
ative error in a broad range (10 < Kassoc < 10°; valid for AH, too, when Kassoc > 30 
М-1) just following a simple recipe [23]: (i) Use no more than 10 injections of the 
titrant solution; (ii) set the final molar ratio Ка in accord with the empirically de- 
termined Eq. (3.8), but not smaller than 1.1 where c is as defined in Eq. (3.7); this 
requires a crude estimate of the binding constant Kaggoc. Table 3.1 lists the digest of 
Eq. (3.8) revealing the range of the molar ratio Rm that needs to be covered. Obvi- 
ously, the excess of one host-guest partner over the other is considerably greater 
than customary, in particular if low c-values cannot be avoided; (iii) The initial con- 
centration of the titrate partner in the cell should be as large as possible, however, 
preventing c (Eq. (3.7)) from exceeding 1000. If the regime of low c-values (c < 1) 
cannot be avoided because of experimental restrictions, a fair accuracy in Kassoc and 
AH can still be achieved provided the interaction stoichiometry is known from an- 
other source [28]. In this case, the titration curve appears featureless in the limit of 
c almost as a straight line with little inclination and no inflection point (see Fig. 3.5 
for an example). Finding the error minimum then can present a problem as the 
error hypersurface becomes rather flat and parameter fits easily diverge. A redefini- 
tion of the fit parameters can help in the latter instance, yet this requires a modifi- 
cation of the standard evaluation software and thus is unappealing to many exper- 
imentalists. 

We need to emphasize at this point that the meticulous analysis of methodolog- 
ical errors is certainly mandatory to evaluate the potential of the instruments. Most 


66 


3 Isothermal Titration Calorimetry in Supramolecular Chemistry 


o 
of ^w, 


Ls ii {тт 
о ove 





CFB 


[ucal/sec] 
3 АЕ NH2 -204 У 


H20 
30°C -30 т т 





kcal/mole 97 | 


О 
of 
ar Su injectant КЕ | | 


-24 J 


NH © т т 
E N 00 05 10 15 20 25 
о= | о } | | ; ; ; 
eX НМ Molar Ratio 


eN 2 


NH2 











Fig. 3.5. ITC-titration of the macrotricyclic cavity host 3 (8.3 mM) with 
sodium iodide (0.1 M) in water at 303 K. The c-value (Eq. 3.7) in this 
case is around 1. 


applications of the calorimetric method, however, do not require accuracy and pre- 
cision to be pushed to the extreme limit, as other sources of error outmatch by far 
the methodological uncertainties. First in line of the factors that interfere with the 
reproducibility of calorimetric results is the purity of the compounds used. Owing 
to the ubiquity of heat effects even small deviations from a nominal composition of 
a compound may result in dramatic differences in the calorimetric output. A fre- 
quent problem of this kind in abiotic host-guest binding is the presence of solvent 
of crystallization. Ordinarily, this is not considered an impurity as it is often pres- 
ent in a fixed stoichiometric ratio and can be accounted for in elemental analyses 
and in the spectroscopic evaluation. In calorimetry, however, solvent of crystalliza- 
tion adds a heat contribution of unknown size which does not emerge from the in- 
teraction under study and thus tends to falsify the results. The problem is ampli- 
fied by the polarity difference between the solvent of recrystallization and the one 
used in the supramolecular investigation. Thus, the worst case is met when com- 
pounds in a hydrated form are employed in nonpolar or aprotic solvents like chlo- 
roform, dichloromethane or acetone. Experience tells us that even in polar solvents 
like acetonitrile or dimethylsulfoxide (DMSO) the heat evolution on introduction of 
protic solvents like water is strongly nonlinear with concentration. Moreover, many 
host-guest interactions in organic solvents involve hydrogen bonding and eventu- 
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ally respond in a nonmonotonous heat output on a gradual increase of the water 
content at low concentrations («196). Such effects are hard to correct urging ut- 
most care in the handling and storage of the solvent to ensure exclusion of traces 
of humidity. For instance, the highest quality of commercial acetonitrile dried to 
«10 ppm of water content still contains ca. 1 mM of hydrogen bond donors that 
may interfere with host-guest binding studied, generally at very similar concentra- 
tions. 

Of course, the same arguments named for the interference by solvent also hold 
for more adventitious impurities. Reproducible results in calorimetry in general 
mandate a higher purity of the compounds than is usual with methods based on 
some structural signal. As oily, honey-like compounds which are frequently the pri- 
mary products of chromatographic purification very tenaciously hold back solvents 
or remnants from the stationary phase causing puzzling perturbations in the con- 
crete measurements, recrystallized compounds are much preferred in calorimetric 
investigations. Even if all precautions are met and the host-guest systems behave 
like an ideal 1:1 stoichiometric interaction (the simplest case), the accuracy of calo- 
rimetric determinations very rarely reaches the high level claimed in many articles 
in the literature. Considering all the errors involved with respect to the purity of 
chemicals, but in particular in the handling of milligram/microliter quantities of 
the compounds to prepare the dilute solutions in a minimum volume of the costly 
high quality solvents, a realistic estimate of the reproducibility of the affinity con- 
stant in independent runs must be set at a factor of 3 corresponding to a AAG of 
~3 kJ mol-!. Differences larger than this threshold are deemed significant and de- 
serve an interpretation. The uncertainty of an enthalpy as the directly measured 
quantity ordinarily is somewhat smaller at ЛАН ~ 1-2 К] mol! (depending on 
the c-value of the determination, see above) whilst the entropic component repre- 
sented by TAAS is more blurred at ~6 kJ тој“! as a result from its origin by sub- 
traction according to the Gibbs—Helmholtz equation. 

This setting of calorimetric significance is a conservative estimate that may give 
a guideline to assess the merit in achievement in the design of molecular hosts. 
On comparing two hosts, any discussion on the origin of differences in state func- 
tion of associations are not likely to be physically meaningful, if they fall within 
these uncertainty limits. 

In addition to the uncertainty introduced by experimental indetermination, the 
data evaluation itself has bearing on the correctness of the thermodynamic param- 
eters. One can find an abundance of cases in the recent literature where all too 
naive use of the fitting software provided with the calorimeters did indeed furnish 
numerical values for the state functions, yet inspection of the corresponding graph 
disclosed a rather poor fit to the pertinent data. The fitting algorithms have been 
optimized to rapidly converge on an error minimum in parameter space. However, 
there is no guarantee for reaching the global (lowest) one. It is a quite tedious, yet 
mandatory task to challenge the validity of the minimum parameters by the input 
of different initial values. Only numerous and very liberal variation of the starting 
parameters in a minimization calculation can generate confidence in a particular 
result. 
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Most commercial nonlinear regression software allows the simulation of the fit- 
ting graph from deliberately chosen numerical values of the target parameters. It is 
helpful and economical to find a set of starting parameters by trial and error or by 
systematic variation that generates a similar shape of the graph to fit the experi- 
mental data. The ultimate goal is to obtain their trustworthy representation. Subse- 
quent minimization then most likely shrinks the statistical error without affecting 
the overall shape of the fit function. 

In modern calorimeters, the extraction of the target molar enthalpy AH? and 
Gibbs enthalpy AG? from the experimental raw data after correction for ubiquitous 
heat contributions (dilution, mixing) employs theoretical binding models. The fit- 
ting process a priori supposes that no other factors significantly influence the heat 
output and all systematic errors have been accommodated. In practice, this 
premise is sometimes violated owing to e.g. baseline drift, temperature change, 
systematic imbalance of titrate and titrant solutions due to degradation or evapora- 
tion etc, hence aggravating conclusions on the validity of a certain binding model. 
In order to arrive at an exact and physically meaningful representation of the data, 
a straightforward approximation to account for all systematic deviations from ideal- 
ity that are not already covered by the blank titration is to add or subtract a constant 
amount of heat. Consequently, the entire data set is offset with respect to the AH 
axis (y-translation) potentially with a dramatic improvement with respect to statis- 
tical error and convergence. Such a transformation by a constant shift is legitimate 
as the desired parameters depend on the shape of the titration curve (Kassoc on the 
slope in the inflection point and AH? on the step height) rather than on its abso- 
lute position [25]. A perfect fit following such reasonable manipulation is a strong 
argument in favor of the validity of a particular binding model. 

Occasionally, the participation of more than just one supramolecular process is 
obvious from the inspection of the heat profile. A fortuitous case is depicted in 
Fig. 3.6 describing the heat response observed on titrating o-cyclodextrin to (R)- 
camphor in water. Clearly, the pronounced minimum in the titration curve results 
from two binding processes of opposite enthalpy representing the first and second 
step in the assembly of a 2:1 stoichiometric host-guest complex. The switch from 
an endothermic to an exothermic heat output in the successive steps indicates the 
mutual interdependence of these sequential processes suggesting a 2-site sequen- 
tial binding model. Such a theoretical model of higher order binding is imple- 
mented in the commercial evaluation software and features only four parameters 
(the molar enthalpy and microscopic association constant in each of the two steps) 
that need to be derived from the fitting procedure. An alternative model featuring 
two independent binding sites would additionally require two parameter values 
characterizing the stoichiometry. In general, one strives to fit the data with the 
least number of adjustable parameters which is equivalent to the selection of the 
simplest model that can represent the data set. There is no rational justification to 
this premise as it relates to the famous philosophical problem of “Оссапїѕ Razor". 
Nevertheless, it is a sensible means to restrict the possible model options. 

In artificial host-guest systems, the range in Gibbs enthalpy is rather limited 
(Kassoc varies between 10 and 108 M~! corresponding to AG? of —6 to —40 
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Fig. 3.6. ITC-titration of 2.1 mM camphor with 50 mM о-сусјодежип 
in water at 303 K. The rugged profile of the heat pulses (top panel on 
the right) derives from the portionwise increase of the injection volume 
to cover a large span in molar ratio [26]. 


kj mol-?). In combination with the rather low specificity (discrimination against 
competing guests) frequently observed multiple simultaneous random sequence 
and sequential binding steps must be anticipated and, in fact, are quite common. 
The fundamental notion must be appreciated that mutual interactions of all com- 
ponents do indeed occur and the exclusive dominance of the interaction process 
under study is not automatically warranted. Hence, it is of prime importance to 
choose a model that reflects the available experimental data and allows their phys- 
ically meaningful and verifiable extrapolation. 

In some host-guest systems, none of the available theoretical binding models 
can account for the entire data range. The complexity in the number and interde- 
pendence of binding events may prevent the deduction of an all-encompassing co- 
herent scheme. A typical example shown by a putatively primitive abiotic receptor 
is depicted in Fig. 3.7. The appearance of the heat output in this titration is well 
reproducible, but eludes immediate comprehension. In similar cases, the trunca- 
tion of the range of system composition (a restriction on the molar ratio axis) may 
furnish a section that can be adapted to a more fundamental binding model. As 
the overlap of this part with the nonaccountable fraction of the entire set is un- 
known, the quantitative reliability of the parameters derived from partial fitting is 
at high risk. 

Obtaining useful experimental data requires not only an optimal setting of 
variables, but also the recognition of systematic instrumental misbehavior. Some 
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Fig. 3.7. ITC-titration of the guanidinium salt 4 (2.8 mM) with TMA 
citrate (20.5 mM) in 90% vol DMSO/water at 298 K. 


typical examples of odd data output that could be traced to a distinct cause are col- 
lected in Fig. 3.8. As remediation from malfunction may be both frustrating and 
time consuming, the proper assignment of a strange data appearance to a probable 
cause seems all-important especially if the measurement cell is inaccessible due to 
its permanent fixation in the instrument. The consultation of the website of the 
manufacturer of the instrument may also prove helpful in the diagnosis of an 
unfamiliar response. The automated operation of modern calorimeters is highly 
beneficial in pinpointing the origin of experimental problems because mistakes in 
handling can largely be excluded. The “black box" design thus reduces errors in 
operational manipulation and fosters the reliability and comparability of calorimet- 
ric results through standard protocols. 


3.4 
Extending the Applicability 


The necessity to adhere to a c-value ranging from 1 to 1000 (Eq. (3.7)) in order to 
enable the determination of the affinity constant, the molar enthalpy and the stoi- 
chiometry from a single experiment effectively limits Kassoc to the span between 
100 and 108 M^1. Though this range certainly suffices to cover the vast majority 
of artificial host-guest binding, special circumstances in abiotic receptor chemistry 
or the adoption of biological systems may require the expansion at both the low 
end and the high end of the affinity range. The limitations primarily arise from in- 
strumental restraints: At the minute concentrations of host and guest partners nec- 
essary to meet the c-value criterion at very high affinities the heat output in each 
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titration step will produce an insufficient signal-to-noise ratio. In contrast, low af- 
finities will require high substrate concentrations and consequently will give mas- 
sive heat effects that can saturate the responsiveness of the calorimeter. At much 
lower substrate concentrations that would remedy the heat overflow or which are 
dictated by the solubility limits of the substrate the heat pulse will not change 
much with the molar ratio of the compounds thwarting the elucidation of the ther- 
modynamic parameters. The easy way out from this dilemma is to tune the com- 
position of the system. First choice is the arrangement of the solvation conditions 
to shift the affinity into the measurement window. In biological supramolecular 
systems polar solvents like DMSO, dimethylformamide, methanol or acetone are 
frequently used to enhance the solubility of organic substrates or dim down the 
hydrophobicity and micellation tendency in aqueous buffers. Such additions very 
effectively diminish the affinity of organic substrates in water, however, at the ex- 
pense of an increased complexity arising from a much less transparent interplay 
of effects on the molecular level. Since solvation energies at least in more polar sol- 
vents by far outmatch most bilateral host-guest interactions a change in solvation 
conditions will tend to cover the more subtle host-guest interactions of interest. 
For the comprehension of the molecular scene in general, the gain in the reliability 
of the measurement derived from solvent manipulation is often annihilated by less 
lucid and harder to interpret calorimetric results rendering this approach less rec- 
ommendable. 

Another alternative makes use of the temperature dependence of supramolec- 
ular interactions. Most (but by no means all) host-guest associations feature nega- 
tive enthalpies opening the option to transpose, for instance, a too high affinity 
into the measurement window by mere temperature elevation. Assuming typical 
values (AH = —40 kJ mol !, АС, = —200 J K^! mol!) for simple host-guest sys- 
tems one can diminish the affinity constant by a factor of 13 on raising the temper- 
ature by 50 degrees from ambient temperatures. For the more stable artificial sys- 
tems such a temperature enhancement may be tolerable, yet it is clear that no 
dramatic extension in the accessible range of affinities can be expected from tem- 
perature variation. 

In many supramolecular associations, protons are traded simultaneously with 
some external buffer species as acidic or basic sites of the host or guest become 
intimately involved in mutual binding. The heat of deprotonation/reprotonation 
depends on the extent and the number of protons exchanged with the buffer and 
of the molar enthalpies of all sites participating in the process. Thus, the observ- 
able heat АНоь; is composed of the supramolecular fraction AHsupr supplemented 
by the portions attributable to the intrinsic change in the protonation state of the 
binding partners (AHprot) and the corresponding release or uptake of the number 
n of protons by the buffer (n x АНыя) 


AH obs = AHsupr + AF prot +пх А 


It is obvious from this relation that the heat output АН» can be tuned by the pru- 
dent choice of the buffer compound which is not immediately involved in the bind- 
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ing reaction. The molar enthalpies of protonation of about 100 buffer species have 
been compiled [27] and for a certain pH value (e.g. pH 7) can vary from moder- 
ately negative (e.g. AH°(HSO3~, pK = 7.2) = —3.65 kJ mol!) or weakly positive 
(AH*(H3PO4^, pK = 7.2) = +3.6 К] 110171) to strongly positive (e.g. AH°(HEPES, 
pK = 7.56) = +20.4 kJ mol7!; AH*(Tris, pK = 8.0) = +47.5 kJ тој“!). Hence, а 
weakly exothermic association involving a proton loss to the buffer that is hardly 
recognizable in an aqueous Tris buffer will produce a substantial heat signal at 
the same concentrations, however, measured in a phosphate buffer. Eventually 
this effect may allow the concentrations to be reduced in order to meet the c-value 
requirement necessary for affinity determination. From the systematic variation of 
buffers with differing molar enthalpies of ionization the number of protons trans- 
ferred on binding can be deduced giving access to the structural interpretation of 
the binding process. 

The back-and-forth shuttling of protons between the host-guest system and the 
buffer may also prove advantageous from a standpoint of experimental conve- 
nience. Polyions like proteins frequently possess their isoelectric points (pI values) 
in the pH region of interest in the binding experiments and hence show very lim- 
ited solubility hampering the due experiments. A change of pH then can greatly 
improve solubility and ease the experimental handling. Yet, the data obtained at 
the altered pH value have to be translated back to the original pH conditions of in- 
terest. A thermodynamic cycle as depicted in Fig. 3.9 provides the computational 
basis for this transformation. In addition to the measurement of host-guest bind- 
ing at the altered pH, the changes in the state functions of the individual mo- 


AXobs 
—— — 


үү + Z ==  (Zc Мора 
PHobs 


AXapH(W) | АХАрн(2) АХАрн(2<М) 


AXdes 
үү + 2 ==  (ZcWiges 


РНаез 


AXdes = AXops + AXApH(ZCW) — ( АХлрн(2) + AXapH(W)) 


Fig. 3.9. Thermodynamic cycle of the interaction of host W with guest 
Z at two different pH values, the experimentally accessible one pHobs 
and the desired one pHdes. The cycle connects the various desired state 
functions (AXqes) to the directly observed ones in the supramolecular 
association (AX,p,) and the changes occuring with the individual 
species (АХлрн). These changes have to be determined separately. 
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lecular species happening with the shift in pH have to be determined. The change 
in the desired state functions AXa,, under the experimentally inaccessible condi- 
tion then results from an additive correction of the observable parameter AXoy, by 
the difference of these state functions on the right and left hand sides in Fig. 3.9. 

The linkage of chemical processes in thermodynamic cycles arising from the def- 
inition of the state functions (the state of a system is independent on the way on 
which it was reached) is a great virtue that can immediately be exploited by calo- 
rimetry. In this sense, making use of the protonation properties is just a special 
case in the much broader field of competition analysis [25]. In fact, any molecular 
species that is expelled or taken up by the host as a result of binding, the guest of 
interest may serve as a probe in calorimetric determinations. Prominent examples 
include the binding or release of metal cations from proteins (e.g. Ca?*, Mg?") 
which can be linked to their complexation by complexones (ethylenediaminetetra- 
acetic acid (EDTA) or similar). 

A special case, which allows the accessible affinity range to be considerably ex- 
tended, builds upon the direct expulsion of a guest from its binding site within a 
host compound by another guest. Such mandatory displacement presumes total 
absence of mixed ternary complexes comprising, for example, both guests simulta- 
neously bound to the host. Absence of mixed complexes is readily conceived for 
evolutionary optimized biological hosts, but meets considerable risk with the less 
specific abiotic analogs. In principle, a competition assay to determine high affinity 
binding of a guest Z to a host W that is beyond direct titration involves at least two 
individual measurements which should be supplemented by an exploratory verifi- 
cation titration (see Fig. 3.11 below for an example). (i) From the direct titration of 
Z into a solution of W only the molar enthalpy AH? can be determined, because at 
all concentrations of W necessary to read a signal the c-value (Eq. (3.7)) exceeds 
1000 and the calorimetric titration curve appears as an abrupt step; (ii) A second 
guest Y exhibiting moderate affinity is titrated into the host furnishing the associa- 
tion constant Kagsoc(Y) and the respective molar enthalpy AH*(Y) from this run; 
(iii) In a third titration the guest Z is titrated into a solution of the host containing 
a fixed concentration of guest Y (this requires for instance, to load the same con- 
centration of Y into the solution of Z; most evaluation software, however, can also 
account for the changing concentration of Y if a solution of the pure guest Z is 
titrated in). The apparent association constant and molar enthalpy can be digested 
by a nonlinear regression procedure using the parameters obtained in the previous 
titration with plain Y to yield the desired state functions of the high affinity pro- 
cess. An implementation of this competition scheme into the commercial regres- 
sion software Origin is available from its author. 

An illustrative example of this technique is shown in Fig. 3.10. A similar scheme 
for the determination of low-affinity association where neither the binding con- 
stant nor the molar enthalpy can be deduced directly (Fig. 3.11). Again, a competi- 
tor of intermediate affinity is employed to serve as a relay system. Determining the 
state functions in the absence and presence of a known concentration of the weak 
affinity guest gives two data sets. When they are fed to the regression software a 
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Fig. 3.10. Determining very high binding 
affinity. Experimental scheme aimed at 
determining the thermodynamic parameters 
for the binding of KNI-577 to HIV-1-protease. 
Three titrations are shown: (left) KNI-577 
binding to HIV-1, (center) acetyl-pepstatin 
binding to HIV-1 and (right) KNI-577 binding 
to HIV-1 prebound to acetyl-pepstatin. In the 
first titration, the only binding parameter 
estimated is: AH = —19.7 + 0.8 kJ mol, 
because affinity cannot be reliably determined. 


In the second titration, the estimated 
parameters аге: Kassoc = 2.3 + 0.8 х 106 М-!, 
AH = +24.5 + 0.8 kJ тој !. Applying the 
displacement analysis to the third titration 
yields the following parameters for the 
binding of KNI-577 to HIV-1 protease: 

Kassoc = 4.9 + 1.2 х 109 М-!, АН = —197 + 
0.8 kJ mol^!. Reproduced with permission 
from A. Velázquez-Campoy et al. Biophys. 
Chem. 2005, 115, 115—124. 


best estimate of the energetics of the weakly binding guest is furnished. By virtue 
of adjuvant displacement binding the usable range of ITC is considerably ex- 
panded and now allows the elucidation of the binding energetics in supramolec- 
ular associations over the entire span of affinities of potential utility in abiotic ap- 
plications at a tolerable sacrifice in accuracy. Finding suitable competitors to 
promote this technique in a concrete case may nevertheless prove to present a re- 


spectable hurdle. 


3.5 
Perspectives 


Isothermal titration calorimetry has already reached a state of the art that makes it 
the method of choice for most solution phase binding studies. The development of 
the technique does not yet seem to be exhausted, as the sensitivity of the instru- 
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Fig. 3.11. Determining very low binding (right) 2'СМР binding to RNase A pre-bound 


affinity. Experimental scheme aimed at 
determining the thermodynamic parameters 
for the binding of 5'CMP to RNase A. In the 
case of the CMP inhibitors of RNase A, a 
change in the position of the hydroxyl group 
from 2' to 5' position causes a dramatic 
decrease in the strength of the interaction, 
thus, illustrating the effect of minor modifi- 
cations in the ligand on the thermodynamic 
parameters of binding. Three titrations are 
shown: (left) 2'СМР binding to RNase A, 
(center) 5'СМР binding to RNase А and 


to 5'СМР. In the first titration, the binding 
parameters аге: Kassoc = 8.3 + 0.8 х 106 MT? 
and AH = —74.5 + 0.4 К] mol^!. It is not 
possible to obtain a reliable value for either 
the affinity or the enthalpy of binding from 
the second titration. Applying the displace- 
ment analysis to the third titration yields the 
following thermodynamic parameters for the 
binding of 5VCMP to RNase A: Kassoc = 4.2 х 
10? М-!, AH = —68.2 kJ mol^!. Reproduced 
with permission from A. Velásquez-Campoy 
et al. Biophys.Chem. 2005, 115, 115-124. 


ments to investigate even smaller quantities of material and the robotic automation 
to handle large sample numbers increase with each calorimeter generation. Im- 
provements on the methodological side run in parallel and feature great time sav- 
ings in operation in addition to enhanced power for discrimination between alter- 
native binding models [29] or obtaining core thermodynamic parameters like the 
heat capacity [30]. New applications that also encompass kinetic parameters as in 
the characterization of biocatalysts [31, 32] or the analysis of low molecular weight 
host-guest dynamics [33] open wide areas that will surely profit from a relatively 
fast, nondestructive, noninvasive, accurate and experimentally convenient to use 
instrumental method like ITC. 
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4 
Extraction Methods 


Holger Stephan, Stefanie Juran, Bianca Antonioli, Kerstin Gloe 
and Karsten Gloe 


4.1 
Introduction 


Molecular recognition, binding and transport of different chemical species repre- 
sents an aspect of supramolecular chemistry that has relevance to a number of 
areas that include biochemical processes, analytical techniques, recycling and envi- 
ronmental processes as well as aspects of catalysis and medicine. Over the years, a 
large number of both efficient and selective receptors for cations, anions, salts and 
zwitterions based on different architectures and binding modes have been devel- 
oped and studied [1—4]. 

Among the manifold experimental techniques employed for the application of 
such receptors has been the investigation of the distribution of species between 
two immiscible solutions, normally an aqueous and an organic phase, under the 
influence of the receptor in the organic phase. Such a procedure has often allowed 
characterization of the receptor's complexation behavior towards individual species 
as well as enabling an evaluation of its suitability for species monitoring, separa- 
tion and/or concentration; especially with respect to possible analytical applications 
as well as for use in extraction and membrane transport processes. For example, in 
early studies Pedersen adapted the extraction technique for the determination of 
the relative cation binding strengths of the first reported synthetic crown com- 
pounds [5], while Cram et al. exploited the widely used picrate extraction method 
enabling a quantitative treatment of cation extraction [6]. 

The state of the art with respect to supramolecular extraction has been summa- 
rized in several recent reviews from different perspectives, including in terms of 
the underlying fundamental chemical processes involved as well as with respect 
to possible applications in research and industry [7-15]. 

It is the intention of this chapter to present an overview of the potential of the 
extraction technique for characterizing the binding strengths, selectivity, speciation 
and phase transfer behavior of supramolecular receptors towards selected cations, 
anions, salts and zwitterions in aqueous-organic, two-phase systems. The role of 
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various factors that influence the behavior of such (often) complicated multicom- 
ponent systems will be discussed from a supramolecular chemistry point of view. 
Finally, a general discussion of the experimental technique employed along with 
promising potential applications in different fields will be presented. 


4.2 
The Extraction Technique 


The general principle of solvent or (liquid-liquid) extraction is illustrated in Fig. 
4.1. The first step, the extraction (a), starts with two solutions, aqueous and or- 
ganic, which are immiscible and where the aqueous phase contains the solute and 
the organic phase the complexing agent – the so-called extractant. The phase trans- 
fer of the solute is driven by the complex formation between the solute and the ex- 
tractant and is normally accomplished by intensive mixing of the two phases. After 
phase separation, the winning of the separated solute and the regeneration of the 
extractant occurs from the organic phase in a second step by means of a back ex- 
traction (b) [16]. 

Different analytical methods such as atomic absorption, UV/vis or inductively 
coupled plasma spectroscopy are routinely used for the determination of solute 
concentrations mainly in the aqueous phase. In contrast, the radiotracer technique 
allows a rapid and straight forward measurement of these concentrations in the 
two phases [17]. A further advantage of this last method is its high detection sensi- 
tivity which allows the use of very small amounts of ligand for the individual ex- 
periments. This can be especially helpful when only a few milligrams of the com- 
plexation reagent are available as is often the case when novel supramolecular 
systems are involved. A multitude of useful radionuclides are available, allowing 
extraction studies involving ionic or molecular species of relevance to differ- 
ent fields that range from the biochemical and medical areas, through analytical 
monitoring, material winning and recycling as well as environmental protection 
processes. 

In the author's laboratories the radio-tracer, micro-extraction technique shown in 
Fig. 4.2 is employed for extraction studies. In brief, the procedure employed usu- 
ally involves 500 pl of each phase (organic by transferpettor, aqueous by transfer- 
pette) being transferred into 2-cm? polypropylene microcentrifuge tubes. Normally, 
a small quantity of the radionuclide corresponding to the species of interest (cati- 
onic, anionic or molecular) is added to the aqueous phase. Intensive mixing of the 
two phases is achieved by mechanical shaking (overhead, thermomixer). All sam- 
ples are centrifuged after extraction is complete and the concentration of the spe- 
cies of interest is determined by means of radioactivity measurements using a 
Nal(T1)-y-scintillation counter or a «/f-liquid-scintillation counter, depending on 
the radiation of the radionuclide employed. Processing of the experimental data 
provides the distribution ratio Оулше, which is the key parameter for describing 
the distribution behavior of the solute between the two phases under the experi- 
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Fig. 4.2. Experimental procedure for extraction experiments using radiotracer technique. 


4.3 The Technical Process 


mental conditions employed. Dsolute represents the quotient of the analytical con- 
centrations of the solute in the two phases and is defined by Eq. (4.1): 


[solute], 


Dsolute = ы (4. 1) 


[solute] „а) 


4.3 
The Technical Process 


Generally, reactive extraction processes represent efficient (and smart) technologies 
for the separation and concentration of ionic or molecular species in solution and 
are frequently used in both research and industry [16, 18, 19]. The industrial adap- 
tation of the two-step extraction scheme discussed above leads to a closed extrac- 
tion circuit of the type shown in Fig. 4.3. 

The essential properties of a suitable extractant for an industrial application are 
especially related to its distinctive (selective) affinity for the substrate together with 
the need for reversible binding and a rapid reaction rate in both directions. Chem- 
ical stability and high lipophilicity of the complexing agent and the extracted com- 
plex are also requirements. Last but not least, the price of the extractant can be an 
important consideration concerning its use. 

The currently applied extraction systems are mainly based on classical extrac- 
tants, as for example "cation exchanging" acids or chelating agents, solvating ke- 
tones, ethers or esters for metal ion extraction and amines or quaternary ammo- 
nium salts for anion extraction [16, 18, 19]. 

Generally, a motivation for research in the area has been a clear need to develop 
more efficient and selective complexation reagents for various species for use in di- 
verse applications. In many instances this reflects a need to separate very low con- 
centrations of toxic and/or valuable species from large volumes of solution — often 


Recyele Solyent 















Serub 
Extract 





Extract 


Г] 


Strip 
Solution 










Raffinate К == Serab Scrub 
Rallinate Solution 


[ Produce | uct 
Recovery 


Fig. 4.3. Typical flowsheet of an industrial solvent extraction circuit. 
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present in difficult matrices. The use of supramolecular strategies offers consider- 
able promise for solving such complicated problems as well as for controlling ex- 
traction selectivity [12—15]. 


4.4 
The Extraction Equilibrium 


Complete understanding of the extraction process in a heterogeneous two-phase 
extraction system is often inhibited by the changing nature and number of the in- 
dividual interactions between the various species present in the two phases. Beside 
direct host-guest interaction, which can be controlled by the ligand design (at least 
in part), a key feature of importance is the role of the solvent. Solvation and desol- 
vation processes of both host and guest can strongly influence the phase transfer of 
a given species. Hence the thermodynamics of an extraction reaction can be fa- 
vored both enthalpically and/or entropically to various degrees that depend upon 
the conditions employed [3, 7]. 

Usually the description of the phase transfer behavior is presented in a simpli- 
fied form based on the overall extraction equilibrium. This is illustrated schemati- 
cally for a simple ion-pair extraction of a metal ion by a neutral macrocyclic extrac- 
tant in Fig. 4.4. 


organic 
phase 


aqueous 
phase 





Кур "+ : stability constant 


K; : distribution constant of the ligand 


Ки A, ‘distribution constant of the extracted complex 
ur 2... 


Fig. 4.4. Schematic representation of the extraction of cations by macrocycles. 


4.4 The Extraction Equilibrium 


The related extraction equilibrium is represented by Eq. (4.2) and the accom- 
panying extraction constant Kex by Eq. (4.3). The three individual equilibria for 
complex formation and partitioning of ligand and metal complex are given by: 


М" (aq) ENA (aq) + SL(org) = МБА иог) (4.2) 


Ko = Км» ` Кмьл, · Ki? (4.3) 


Equation (4.3) shows a direct proportionality of Kex with the stability constant 
Кми+ and the distribution constant of the extracted complex Кми.д,. In contrast 
the distribution constant of the ligand Kz possesses a reverse dependence on Kex. 

Provided constant ionic strength of both phases is maintained (adjusted by salt 
or acid addition to the aqueous phase and ligand excess in the organic phase) the 
extraction constant can be formulated as given by Eq. (4.4): 


E = [MLsAq] (org) (4 4) 
ex n n S . 
[М ш) ` [A lag ` Д (org) 





Introducing the experimentally easily accessible distribution ratio Dy [(Eq. (4.1)] 
in Eq. (4.4) gives Eq. (4.5): 


log Dm = log Kex +n log[A д) +s Іов, Ма) 


org) 


In the case when only one complex forming in the organic phase, it is possi- 
ble to determine the stoichiometric coefficients n and s on the basis of two 
independent experimental data sets by a simple graphical slope analysis. This 
is illustrated in Fig. 4.5 showing the corresponding Log Dy — Log Creceptor and 
Log Dm — Log Cpicrate diagrams for the extraction of barium picrate with a neutral 
hexameric amido-substituted all-homocalixarene 1. The slope analysis clearly indi- 
cates the formation of a 1:1:2-complex of composition (1 c Ва) · Ріс о.) (number 
of ligands bound in the extracted complex, s — 1; number of picrate anions bound 
in the complex, n — 2) [20]. 

However, because diverse other interactions in the aqueous and the organic 
phases are possible, the extraction equilibrium is often more complicated that 
may appear at first. In many cases the simultaneous formation of different com- 
plexes is observed. As a consequence a mathematical treatment of the extraction 
equilibrium is needed in such cases to obtain the stoichiometric coefficients. Com- 
puter programs using nonlinear regression methods allow the determination of 
the composition of the complexes extracted as well as the calculation of thermo- 
dynamic extraction constants [21-24]. In this way, one may also obtain further in- 
formation about the presence of additional phenomena in the extraction system, 
such as ligand aggregation, oligomerization and/or solvation ofthe species extracted, 
and even about activity effects in the aqueous and organic phases. 
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4.5 
Principles of Supramolecular Extraction 


Nowadays the progress of supramolecular chemistry offers interesting possibilities 
to control selectivity and efficiency of an extraction process and to achieve a ligand 
system tailored for the specific binding and transport of a selected species. The 
basis for this is the application of the concept of molecular recognition. The key 
for a successful design of such a synthetic complexing system lies in the choice of 
appropriate binding sites. These may give rise to relatively strong coordinate bond 
formation or strong electrostatic interactions through to weaker hydrogen bonding 
and z-interactions — each being incorporated in an architecture which is comple- 
mentary to a substrate of interest. Furthermore, a pronounced lipophilicity of the 
extracted complex is an important requirement for efficient transport from the 
aqueous into organic phase to occur. 

Schematics illustrating these basic principles of supramolecular extraction of cat- 
ions and anions are presented in Figs. 4.6 and 4.7. In all cases the supramolecular 
receptors are characterized by multifunctional binding modes. These are normally 
basic donor functions for cations or hydrogen bond donors for anions in combina- 
tion with oppositely-charged entities and are incorporated in open-chain, macrocy- 
clic or macrobicyclic architectures such that a complementary coordination pattern 
for the ion of interest is achieved [1-4]. Compared with the diversity of cation ex- 
traction systems so far reported, the possibilities for constructing anion systems 
are more limited [7—15]. This reflects the intrinsic nature of anions themselves; 
namely, their large size (and resulting lower charge density) together with their 
often strong hydration and, in particular instances, also their pronounced acid- 
base properties. The relative behavior of different anions often reflects the well- 
known Hofmeister series which ranks the various anions with respect to their 
"natural" lipophilicity order [25]. Considering the prime importance of the 
hydrophilicity/hydrophobicity balance for the phase transfer of anions, a frequent 
goal of supramolecular extraction studies is to design systems that will overcome 
the Hofmeister order. 

Figure 4.6 gives an overview of the principles underlying single ion (cation or 
anion) extraction using neutral or charged ligands. For aqueous-organic phase 
transfer charge neutrality needs to be maintained. Thus a neutral host system, as 
present in the approaches I, II and V, inevitably requires co-transport of a counter- 
ion together with the charged supramolecular complex into the organic phase and 
efficient extraction of either a cation or an anion will depend strongly on the lipo- 
philicity of this counterion. In contrast, this is not a requirement in the case of the 
cation- or anion-exchange approaches IV, III and VI, where the extraction is accom- 
panied by а counter-transport of equally-charged ions, Ht or X^. The approach IVb 
illustrates a synergistic cation-exchange system based on pre-organization of an op- 
timum metal ion extractant assembly using a self-organization process between an 
azacrown compound and a carboxylic acid. Examples V and VI are modifications of 
the approaches given by I and II, respectively, involving synergistic effects that are 
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Fig. 4.6. Principles of supramolecular extraction of single ions. 


generated through the introduction of a second complexing agent in the organic 
phase. 

Figure 4.7 illustrates three supramolecular extraction principles that are con- 
cerned with the simultaneous extraction of cations and anions (VII, VIII and IX). 
Whereas in case of the dual-host approach VII two ligands are present to bind each 
ion type, while the approach given by VIII is based on the presence of two different 
binding sites in one heteroditopic ligand molecule. Here application of the princi- 
ple illustrated by VII may require less synthetic effort because it is based on the 
use of single complexing agents that are often readily available. In contrast, VIII 
may lead to enhanced extraction selectivity and efficiency through the presence of 
direct electrostatic interaction (contact ion pairing) between the bound cation and 
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Fig. 4.7. Principles of simultaneous supramolecular extraction of cations and anions. 


anion. Furthermore, specific self-organization processes involving defined metal 
binding sites may favor the effective phase transfer of formed assemblies incorpo- 
rating metal salts as shown in the approach illustrated by IX. 


4.6 
Examples of Supramolecular Extraction 


Crown compounds may be considered to be the first examples of supramolecular 
hosts that were able to extract metal ions selectively from aqueous into organic 
media. The advent of crowns triggered a revolution in liquid-liquid separations, 
particularly in analytical chemistry, because of their unique complexation behavior. 
Generally the tailoring of the macrocyclic cavity size allows the complexation and 
extraction of metal ions in a size-selective manner. For example, amongst the alkali 
metal ions 18-crown-6 (cavity radius: 1.33—1.43 A) forms its strongest complex with 
potassium (ion radius: 1.38 À) in water. This crown also yields the highest extrac- 
tion of potassium amongst the alkali metal picrates, with the extractabilities of the 
1:1:1 complexes falling in the order K* > Rb* > Cs* > Nat [26]. 
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Fig. 4.8. Extraction of a) alkali metal nitrates and b) cesium picrate 
and nitrate with dibenzo-18-crown-6 (2) in CHCl;. 


It must be stressed that factors such as the hydration (or solvation) of the metal 
ion and anion effects on the extracted complex often make it difficult to predict the 
order of extractability for such systems. Such factors may even influence the stoi- 
chiometry of the extracted species. Thus, the simple “match of the metal to the 
whole concept" is only of limited utility. For example, potassium, rubidium and so- 
dium nitrates are extracted in the presence of dibenzo-18-crown-6 (2) as 1:1:1 com- 
plexes. On the other hand, cesium forms a 1:2:1 sandwich complex with this crown 
(metal:crown:nitrate) in the organic phase and this affects the extraction order for 
the above metal ions, with the order being dependent on ligand concentration. In 
contrast, for picrate as the anion the composition of the extracted cesium complex 
is 1:1:1 (Fig. 4.8) [27]. 

Since the introduction of the crown ethers, strategies and methods have been de- 
veloped that have resulted in the design and synthesis of an enormous variety (and 
complexity) of other supramolecular receptors that act as efficient and selective ex- 
traction reagents [1—4, 26]. For example, the cryptophane receptor 3, featuring 
three endo-carboxylic acid groups and exhibiting a high state of pre-organization, 
is one such system that enforces 1:1 complex formation with (hard) alkali, alkaline 
earth and rare earth metal ions (see Fig. 4.9; only alkaline earth metal behavior 
shown). In this case molecular modeling calculations point to the octahedral ar- 
rangement of these metal ions inside the cavity bound by the carboxylate groups 
[28]. 

The use of ligands that are conformationally reinforced and have the appropriate 
number, nature and arrangement of their donor atoms for a particular metal ion, 
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Fig. 4.9. Extraction of alkaline earth metal picrates with cryptophane 3 in СНСЊ. 


may lead to peak selectivity in extraction. Three ligand examples of this concept are 
illustrated in Fig. 4.10. 

The "crowned" calix[4]arene 4 bridged by an aliphatic chain of five carbon atoms 
spanning two opposite para positions shows exceptionally high Cs* extraction se- 
lectivity over sodium, calcium, strontium and barium [29]. However, the addition 
of the lipophilic picrate anion is necessary to transport the cesium ion into the 
organic phase. Using the calixarene biscrown 5 it is possible to extract the high- 
activity fission product 137 С5 with high selectivity from high-level nuclear waste so- 
lutions [30]. This will likely lead to its use being the first example of a large-scale 
application of a supramolecular extractant. 

The introduction of intermediate and soft donor atoms like nitrogen and sulfur 
into a ligand architecture leads to a stronger preference for softer metal ions, such 
as the transition and precious metals. For example, the macrobicyclic tris(pyridine) 
cage 6 was shown to transport Ag* with high selectivity into an organic phase [31]; 
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Fig. 4.10. Supramolecular extractants 4, 5 and 6 showing peak selectivity in extraction. 


the univalent and bivalent metal ions Nat, Tl*, Си“, Ca?*, Cu?*, Zn?* and Hg?* 
were all retained in the aqueous phase. 

Over many years there has been continuing strong interest in the chemistry of 
polyazacompounds of different structure (open-chain, macrocyclic or macrobicy- 
clic) because such ligands are able to bind and extract both metal cations [32, 33] 
and anionic species [34, 35], depending on the pH of the aqueous solution. 

In their protonated form polyamines are often attractive receptors for a variety of 
anions, as exemplified by many examples now known in nature, industry and 
model systems [34, 36]. The characteristic extraction properties of a range of such 
ligands toward halide, pertechnetate and perrhenate ions are strongly influenced 
by the ligand's protonation behavior and lipophilicity. Extraction therefore shows a 
pH-dependence, as well as being influenced by all manner of structural factors [35, 
37, 38]. Some results for the perrhenate extraction by three different substituted 
tripodal tetraamines 7a-c and two structure-related octaamino cryptands 7d,e 
(Fig. 4.11) are shown in Fig. 4.12 [35, 37]. 

The open-chain tripodal ligands, 7a and 7c, yield remarkable extraction of ReO,~ 
at pH 7.4. From among the amino cryptands investigated, only ligand 7d gives 
similar extraction to that observed for 7a and 7b, whereas 7e yields a comparable 


4.6 Examples of Supramolecular Extraction 


93 





M 
(^ e di SAC 


X 
"h MIL di d 


TK "dis р 





7a 7b те 
уу C 
~ ác Да, 
/ON 
А У јЕ 
o : "a 
92 -— 
7e (R-CH3) 
m 7f (R-II) 


Fig. 4.11. Tripodal and macrobicyclic polyamines 7a-f for anion extraction. 
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Fig. 4.12. Extraction of perrhenate by protonated polyamines 7a-f in CHCl;. 
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extraction to 7b. These results are obviously a consequence of differences in the 
basicity of the secondary and tertiary amines and hence also reflect the nature of 
the resulting protonation equilibria. With respect to the observed exclusive transfer 
of mono- or diprotonated polyamine species into the organic phase, the use of li- 
gands with a lower number of amine nitrogen groups are advantageous in view of 
their higher lipophilicity. 

It is interesting to note that the structures of isolated crystalline anion complexes 
of the tripodal system 7a are in each case characterized by a pronounced spreading 
of the three podand arms caused by repulsion of the positively-charged amine 
functions [38, 39]. This effect will thus tend to hinder anion chelation. The struc- 
ture of [H47a]^"(ReO4)-.3Cl- shown in Fig. 4.13 [39] is characterized by a 
sandwich-like arrangement. The specific structural features of this complex reflect 
concerted (different) binding patterns of the cation with the two anions. The 
dimeric sandwich-like structure is characterized by strong charge-assisted 
М-Н *** O(Re) and weak С-Н... O(Re) hydrogen bonds involving the large tetra- 
hedral perrhenate. The presence of the latter aids optimization of the distances 
between the positively-charged ammonium ions. The smaller spherical chloride 
anions assist in the formation of a 2D network by participating in N-H *** Cl and 
С-Н... СІ hydrogen bonds. Finally additional aromatic edge-to-face С-Н •••л in- 
teractions between aromatic substituents of different layers lead to the observed 
3D arrangement. Figure 4.13 also shows the structure of a perrhenate complex of 
the hexaprotonated octaamino cryptand 7e that has one cavity included and five 
exo-cavity bound perrhenate anions [35]. Again the main interactions involve both 
strong and weak hydrogen bonds that link adjacent species to form an extended 
network. In contrast to the previous structure, this structure is stabilized by the ad- 
ditional binding of five water molecules. Provided a similar arrangement is main- 
tained in solution, amongst other things the presence of the water molecules may 
influence the lipophilicity of the system resulting in a lower extraction efficiency. 
In the case of lowly-protonated octa-amino cryptands only complexes with exo- 
cavity bound anions could be identified. From the extraction and structural data it 
can be concluded that cavity inclusion is unfavorable for the phase transfer process 
of anions with such ligands, because inclusion normally requires a high protona- 
tion state of the ligand. 

In other studies it was found that lipophilic urea-functionalized dendrimers of 
the poly(propylene amine) type 8 (such as shown in Fig. 4.14) are also strong ex- 
tractants for the tetrahedral ions TcO,~ and ReO,'. The extraction of the two 
anions increases with decreasing pH confirming the need for protonation of the 
amine functions in these molecules if efficient phase transfer is to take place [40]. 

An interesting example of pronounced anti-Hofmeister behavior was detected 
for sulfate extraction using a ditopic guanidinium compound of type 9b [41, 42]. 
As shown in Fig. 4.15, 9b extracts the strongly hydrophilic SO4?- ion with higher 
efficiency than Br- or HPO,?-. The fact that the monotopic guanidinium deriva- 
tive 9a does not give comparable behavior points to 9b yielding an optimum struc- 
tural arrangement with the sulfate anion. The latter is in accord with the result of 
molecular modeling calculations of the structure of the corresponding 1:1 complex 
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Fig. 4.13. Crystal structures of the perrhenate complexes 
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Fig. 4.14. Urea-functionalized dendrimer of the poly(propylene amine) type 8. 


[41] (Fig. 4.15) in which the anion is bound by the cooperative action of a salt 
bridge and at least two strong hydrogen bonds. Additional isothermal titration cal- 
orimetry measurements of sulfate binding by the above receptors in methanol at- 
test to a dominating role of solvation during complex formation [43]. This result 
corroborates the proposal of possibly using solvation phenomena for the design of 
novel extraction systems [33]. As well as Br~, Г` and 50,2, the nucleotide anions 
AMP, ADP and ATP can also be extracted by the above bisguanidinium compound 
(with a preference for ATP) [42]. Furthermore 9a also shows favorable phase trans- 
fer behavior for the 1:1 complex with pertechnetate [44]. 

Another interesting development is the use of bicyclic guanidinium receptors 
as heteroditopic systems for the enantioselective recognition of amino acids. In 
this case the guanidinium fragment was combined via a flexible linker with 
a crown ether moiety in order to promote the simultaneous binding of the car- 
boxylate anion and the ammonium cation belonging to a zwitterionic amino acid 
[45]. 

Each of the extraction systems discussed so far in this section involve more or 
less fixed covalent binding sites that are present in a pre-organized architecture. 
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Fig. 4.16. Extraction of Co?*, Zn?*, Cu?* and Ni?* by the carboxylic 
acid 10, the azacrown compound 11 and their 1:2 mixtures in СНСВ. 


The success of this approach over a wide range of examples for the binding and 
phase transfer of different species confirms its utility. Nevertheless, the preparation 
of the required ligand systems is often synthetically expensive. A more sophisti- 
cated supramolecular approach for the binding and extraction of either single ions 
or salts is based on selforganization processes employing comparatively simple 
components. This is illustrated by the results of extraction studies involving transi- 
tion metal ions using a mixture of the carboxylic acid 10 and the azacrown 
compound 11 [46, 47]. As shown in Fig. 4.16, in comparison to the use of the indi- 
vidual components enhanced extraction of Co?*, Zn?*, Cu?* and №?" was ob- 
served when both extractants were used together. This synergistic effect can be at- 
tributed to a process (Fig. 4.17) starting with proton transfer from the acid to the 
nitrogens of the azacrown leading to formation of discrete assemblies with 1:1 and 
2:1 composition (acid:crown). Such structures incorporate charge separated hydro- 
gen bonds and the presence of water molecules in the hydrogen bonded network 
has also been identified in the solid state [48, 49]. On metal binding, the required 
number of protons necessary to maintain charge neutrality are exchanged for the 
metal ion. 

Thus the assembly is pre-organized for metal ion uptake and no counter-anion 
transport into the organic phase is necessary. In other studies, it has also been 
demonstrated that another selforganization process involving azacrown com- 
pounds has allowed metal salt extraction against that counters the Hofmeister 
series for the anions involved [50]. 
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4.7 
Conclusions and Future Perspectives 


Recent advances in supramolecular chemistry have made available a wide range of 
synthetic supramolecular receptors for ionic and molecular species giving rise to a 
variety of interesting binding and structural motifs that occur both in solution and 
in the solid state. Extraction studies within the supramolecular realm continue to 
show strong potential for making significant contributions to both basic and ap- 
plied research. At present, interest has been mainly focused on three main topics: 


* the extensive characterization of novel receptor types 

the development of new separation systems for application in analysis, medicine, 
catalysis, synthesis and materials recycling as well as other aspects of environ- 
mental protection 

the modeling of biological recognition and transport processes based on new 
synthetic systems. 


Because weak interactions are of key importance in supramolecular chemistry, 
the growing understanding of their role in supramolecular structures will also un- 
doubtedly assist the understanding of the behavior of classical extraction systems, 
resulting in a greater control of extraction selectivity and efficiency. In complicated 
multicomponent systems, a range of interaction types usually contributes to spe- 
cies separation, with individual interactions frequently associated with typical 
supramolecular behavior. In this context, it seems especially appropriate to exam- 
ine the role of water in the organic phase in terms of supramolecular principles, as 
well as the effect of the organic solvent employed on the selectivity and efficiency 
of phase transfer processes. In both cases much remains to be learned (and accom- 
plished). Similarly, the effect of conformational change on host compounds as well 
as on their corresponding host-guest complexes in solution has so far been little 
investigated and is poorly understood. Furthermore, the influence of diverse phe- 
nomena, including aggregation, hydration and solvation effects on the extraction 
process also remains to be explored in more detail. An armoury of standard exper- 
imental techniques are available for this purpose while computational tools such as 
molecular dynamics simulations are also available to interpret and predict host- 
guest complexation in both aqueous and organic phases as well as the phase trans- 
fer behavior [51, 52]. 

Finally, the application of new extractants such as hyperbranched polymers [53] 
and the use of ionic liquids [54] are developments which tend to aid and promote 
supramolecular host-guest complexation and will undoubtedly further stimulate 
the development of more efficient and selective extraction systems. 
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5 
Mass Spectrometry and Gas Phase Chemistry 
of Supramolecules 


Michael Kogej and Christoph A. Schalley 


5.1 
Introduction 


Supramolecular chemistry has recently grown at a fascinating pace which would 
have been unthinkable without the appropriate methodological development. 
Supramolecular chemistry deals with noncovalent bonding between different 
building blocks of a complex or aggregate. The strengths of such individual weak 
interactions are usually of an order of magnitude comparable with those between 
the subunits and the molecule’s environment. Often, it is only the cumulative or 
even cooperative action of several well-positioned weak interactions which brings 
a complex into existence in a competing environment. 

Many researchers still consider mass spectrometry [1] to be a rather destructive 
method. The soft ionization methods – despite the revolution they caused in the 
life sciences – are often not appropriately highlighted in lecture courses on mass 
spectrometry, so prejudice has it that mass spectrometry almost unavoidably 
causes fragmentation even of covalent bonds. Consequently, the examination of 
noncovalent complexes is too often considered to be futile and successful only in 
some very special cases. However, the soft ionizaton methods developed in the 
1980s reduce fragmentation to a minimum and even noncovalent, weakly-bound 
complexes can be ionized without complete destruction. Technically, the problem 
of intact ionization of weakly-bound complexes can be solved in many cases [2]. 

Consequently, a more fundamental question arises: Why should one apply mass 
spectrometry to supramolecules? What is the motivation and what is the added 
value of using this method together with other techniques that are maybe more 
commonly used in supramolecular chemistry? The present chapter elaborates on 
the hypothesis that the potential of mass spectrometry goes far beyond the analyti- 
cal characterization of complexes with respect to their exact masses, charge states, 
stoichiometries, or purity. In fact, the information that can be gained is comple- 
mentary to other methods such as NMR spectroscopy and includes structural as- 
pects, reactivity, and even thermochemistry. Examination of supramolecules by 
mass spectrometry involves their transfer into the high vacuum of the mass 
spectrometer and thus implies that isolated particles are investigated. There is no 
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exchange of building blocks between gaseous supramolecules; fragmentation is 
irreversible, once it is induced for example by collisions or laser light. Our hypoth- 
esis is that a wealth of knowledge about supramolecules can be gained which can- 
not easily be obtained with other methods. Under the environment-free conditions 
inside a mass spectrometer, the intrinsic properties of ions can be evaluated. Com- 
parison with the properties of the same species in solution allows us to analyze 
solvation effects. Since noncovalent bonds have strengths of similar magnitude 
to interactions with the solvent, one may expect that the comparison of intrinsic 
and solution-phase properties will reveal particularly pronounced effects for non- 
covalent complexes. Before discussing some examples, first some technical issues 
need closer inspection. 


5.2 
Instrumentation 


In principle, a mass spectrometer consists of two segments: an ion source and a 
mass analyzer. Ion sources are required for the transfer of the sample from the 
condensed phase (i.e. from solution or the solid state) into the high vacuum as a 








ion mass 
source > analyzer 


mass spectrometer 


Fig. 5.1. Schematic representation of a mass spectrometer. Samples 
are typical for electrospray ionization. Depending on the ionization 
technique, the sample can be dissolved in a liquid solvent (ESI), 
cocrystallized in a matrix (MALDI) or dissolved in a liquid matrix 
(FAB). 
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charged species. A number of different ionization methods is available; we limit 
the discussion to those soft enough to accomplish the intact ionization of noncova- 
lent species (Section 5.2.1). After leaving the ion source, the motion of the ions can 
be influenced by electric or magnetic fields inside the mass analyzer. Accordingly, 
the ion beam is resolved into its components according to the ions’ masses or – to 
be more precise — the ions’ mass-to-charge ratios (m/z). Several types of mass ana- 
lyzers are available, and the most important ones will be presented in Section 5.2.2. 


5.2.1 
lonization Techniques Suitable for Noncovalent Species 


Table 5.1 summarizes the most common and often commercially available ioniza- 
tion methods together with brief comments regarding their utility for studies in 
supramolecular chemistry. Many of them are incompatible with noncovalent bonds 
because they are intrinsically harsh, and dissociate the weakly-bound ions of inter- 
est. In the following, we focus on those which can be used for the examination of 
noncovalent species. 


5211 Matrix-assisted Laser Desorption/lonization (MALDI) 
In MALDI [3], a laser is applied to vaporize and ionize the sample that consists of 
the analyte embedded in a crystalline matrix. In normal MALDI sample prepara- 
tion, the matrix is used in large excess (e.g. matrix:analyte = 800:1). Both should 
be soluble in a common, easy to evaporate solvent in order to make their cocrystal- 
lization on the sample plate possible. The matrix is an integral part of this ioniza- 
tion technique. Samples which absorb at the wavelength of the laser beam (most 
commercial instruments use a N; laser with 337 nm) can also be analyzed by 
matrix-free laser desorption/ionization (LDI), but for all other samples, the matrix 
plays a threefold role: (i) It absorbs the laser light. Therefore, compounds such as 
2,5-dihydroxy benzoic acid, dithranol, or 9-nitroanthracenen are typically used. The 
energy absorved by the matrix is sufficient for vaporization and ionization of 
matrix and analyte molecules (Fig. 5.2). (ii) It can act as a proton donor, in particu- 
lar, when organic acids are chosen. The matrix thus provides the charge and helps 
to generate ions. Nevertheless, photoionization, charge transfer, electron capture, 
self-protonation of the analyte, and its cationization for example with background 
sodium ions can occur [4], in particular in nonprotic matrices. The detailed mech- 
anism of ion formation in MALDI is still a subject of continuous research and de- 
bate and we refer the reader to recent reviews on this topic for advanced reading 
[3]. (iii) Collisions between analyte and matrix molecules in the plume above the 
solid sample help to reduce the internal energy of the analyte ions so that fragmen- 
tation becomes less pronounced. Nevertheless, for many noncovalent ions, the con- 
ditions of the MALDI process are rather harsh. Intact ionization of weakly-bound 
complexes by MALDI is consequently often quite difficult. 

In principle, the mass range of MALDI is almost unlimited and MALDI sources 
preferentially generate singly-charged ions so that broad charge distributions can 
by and large be avoided. The laser beam is applied in the form of short shots, so 


Tab. 5.1. 
their utility for studies of non-covalent species. 
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Common ionization methods, the underlying principles, and 





lonization method lonization principle 


Electron ionization _ Radical-cation generation 
(EI) through collision with fast 
electrons 
М+е = М" +2е“ 


Chemical ionization Generation of protonated 


(CI) species from strong acids 


produced by EI of a suitable 


bath gas (H5, СНА...) 


Atmospheric- 
pressure chemical 
ionization (APCI) 


a heated desolvation zone 
after being pneumatically 


nebulized; corona discharges 
produce primary ions which 


ionize the analyte (cf. CI) 


Fast atom bombard- 
ment (FAB) 


Impulse transfer from fast 
atoms (Xe) or ions (Cs*) 
through a liquid matrix 


transfers protonated samples 


into gas phase 


Field desorption 


(FD) in a high voltage (typically 8— 
12 kV) 
Electrospray Generation of charged 


ionization (ESI) droplets, ion formation 


through shrinking – Coulomb 
explosion sequences and ion 


ejection from droplets 


Matrix-assisted laser 
desorption/ 
ionization (MALDI) by attachment of H*, Na*, 


К+, etc. 


Resonance-enhanced Cold, neutral complexes from 
supersonic beams are photo- 
ionized after transfer to gas 


multi-photon 
ionization (КЕМРІ) 
phase 


Analyte solution sprayed into 


Desorption/ionization of ions 


Sample in crystalline matrix 
heated by laser and ionized 


Utility for the examination of non- 
covalent species 


Need to vaporize sample before 
ionization limits mass range due to 
sample volatility to M « ca. 800 Da; 
high internal energies; high degree of 
fragmentation 


See EI; fragmentation less pronounced 
due to a lower internal energy of the 
ions controlled by the energetics of 
proton-transfer reaction 


Desolvation occurs in a heated 
vaporization chamber so that non- 
covalent adducts are usually destroyed 
easily 


Liquid matrices with high boiling points 
required, thus competition of polar, 
often protic matrices with non-covalent 
bonding, high degree of fragmentation; 
mass range usually limited to <5000– 
10000 Da 


Often low ionizaton efficiencies, some 
cluster ions have been observed, but the 
scope and limitations for supramolecules 
have not been fully examined 


Ionization directly from sample solution 
possible; mass range virtually unlimited; 
low ion internal energies, thus no or 
very limited fragmentation levels 


Higher fragmentation level than ESI, 
virtually no mass range limit, 
photochemical processes possible, when 
sample absorbs light at laser wavelength 


Low internal ion energies due to cooling 
in supersonic jet expansion; radical 
cations generated 
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Fig. 5.2. Schematic representation of the ion generation in the MALDI 
process. A laser beam impacts on an analyte/matrix mixture and 
generates analyte and matrix ions. 


MALDI sources do not continuously generate ions, but work in a pulsed manner. 
This feature matches perfectly the pulsed operation of time-of-flight (TOF) ana- 
lyzers (see below). Consequently, MALDI-TOF mass spectrometers are quite 
common. 


5.2.1.2 Electrospray lonization (ESI) 

Electrospray ionization [5] is a soft ionization technique that can be applied to 
transfer sample molecules from solution to the gas phase. Although there are 
different kinds of electrospray ionization methods like thermospray (TSP) [6] or 
electro-hydrodynamic ionization (EHI) [7], the principle of ESI as developed by 
Dole [8] is used in all these techniques. The analyte is dissolved in a volatile solvent 
and this solution is sprayed through a needle in an electrical field to create 
micrometer-sized charged droplets (Fig. 5.3). To help the evaporation of the sol- 
vent, the needle is embedded into a heatable stream of surrounding gas (normally 
N2), the so-called nebulizing gas. Depending on the details of the instrument de- 
sign, other gases than № can be applied. 

The solution containing the sample is pumped through the needle, at whose tip 
it forms the so-called Taylor cone due to the high voltage applied. From the tip of 
the Taylor cone, a jet is formed in which the droplets are generated with excess 
charge. Because of Coulomb repulsion, the droplets are driven away from each 
other. Upon desolvation, they shrink and undergo Coulomb explosions forming 
even smaller droplets. This process causes the generation of a fine spray. Two 
mechanisms for the formation of fully desolvated ions are discussed: in the so- 
called single-ion-in-droplet (SIDT) model, [9] the shrinking-explosion process con- 
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Fig. 5.3. A photograph of the spray generated in an electrospray 
ionization source (top) and a schematic view of the processes involved 
(bottom). From the Taylor cone, a jet is emitted and expands to a 
plume of micrometer-sized charged droplets from which finally 
desolvated ions are produced. 


tinues until singly-charged droplets are formed which contain only a few solvent 
molecules so that the remaining ion can easily be desolvated completely. In con- 
trast, the ion-evaporation model [10] assumes that single ions can be ejected from 
the droplet surface when charge repulsion becomes too strong. ESI is extremely 
useful in analysis of large, nonvolatile, chargeable molecules such as proteins [11] 
or nucleic acids [12, 13]. With these biopolymers, it preferentially forms a broad 
charge distribution of multiply-charged ions. This has the advantage that even 
very high molecular masses can be observed at much smaller m/z ratios which 
are easily accessible with most analyzers (see below). However, the disadvantage 
is that charge repulsion effects may destroy e.g. the tertiary structure of a protein 
under study. 

A different, but related ionization method is coldspray ionization (CSI) [14]. The 
ionization occurs in a similar manner to ESI, with the exception that the source 
housing and drying gas are cooled in order to stabilize weakly-bound ions. The 
effect is often incomplete desolvation and distributions of ions with different num- 
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bers of attached solvent molecules are observed. Coldspray ionization has the 
advantage that supramolecules can be ionized without destruction and thus, the 
analytical data on molecular mass, charge state, isotope patterns and elemental 
composition is more easily obtained. For the gas-phase chemist, the solvent mole- 
cules, however, represent a disadvantage, because mass-selection of the completely 
desolvated ions becomes more difficult due to their usually low intensities. 


5.2.1.3 Resonance-enhanced Multiphoton lonization (REMPI) 

The last ionization method to be discussed here is photoionization by resonance- 
enhanced multiphoton ionization (REMPI) [15]. Set-ups which are relevant for 
supramolecules use a supersonic jet expansion to vaporize the sample. The 
expansion leads to a strong cooling effect on the analyte molecules in the sample 
solution. Consequently, gaseous noncovalent complexes can easily be generated. 
However, they are still neutral, and thus, a laser beam is used to photoionize the 
complexes of interest through multiphoton absorption after their transfer into the 
gas phase. Consequently, this technique makes the mass spectrometrist more inde- 
pendent from ion generation problems. However, in certain cases, it might be a 
drawback that cation radicals are formed, which are usually more reactive because 
they contain an unpaired electron, rather than closed-shell cations, formed by pro- 
tonation or cationization. The REMPI technique has not been applied very often to 
problems in supramolecular chemistry [16], but seems to be highly promising and 
thus is mentioned here, at least briefly. 


5.2.1.4 lonization of Noncovalent Species 

Even with soft ionization methods at hand, it is not always easy to ionize weakly 
bound, noncovalent species without completely fragmenting them. For example, 
hydrogen-bonded aggregates often decompose in competing media such as the 
standard matrices used for MALDI or the common ESI spray solvents such as 
methanol. Protic media have the advantage of providing the protons necessary 
for ion generation. But, how should one examine hydrogen-bonded species in 
such a competitive environment? Hydrogen bonds become stronger in noncompet- 
ing solvents such as chloroform or dichloromethane and thus they are weak in 
protic media. But if we avoid protic solvents, where should the charge come from, 
if the supramolecular species of interest is neutral? The answer usually requires 
the experimenter's imagination and there is no general solution to this problem. 
Several ion labeling strategies have been developed, among them covalent modifi- 
cation with crown ether/alkali metal ion complexes [17], oxidation of a ferrocene 
center through addition of iodine before the electrospray process [18], Ag* coordi- 
nation to aromatic or cyano groups present in the complex [19], attachment of a 
chloride ion [20], and the encapsulation of charged guests inside self-assembling 
capsular hosts [21]. With these “in-built” charges, ionization can also be achieved 
from noncompetitive media. These considerations are typical for hydrogen-bonded 
species, but certainly similar arguments apply to other noncovalent interactions. 
One may state that there is no general solution to the problem of ion generation 
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and that it is a matter of the experimenter's chemical intuition to find the best, 
sometimes maybe quite unusual way. 


5.2.2 
Mass Analyzers 


Mass analyzers use physical principles to separate the generated ions coming from 
the ionization source. Many physical principles have been tested for that purpose 
but only a few of them have become successful and are still enhanced to achieve 
better results in mass spectrometric analysis. The most common mass analyzers 
are listed in Table 5.2. Although in principle any source can be connected with 
any analyzer, some combinations are more common. For example, MALDI as a 
discontinuously working ion source can easily be coupled with time-of-flight 
analyzers, while ESI sources are often combined with quadrupoles and ion traps. 
Therefore, we restrict the discussion here to those analyzers which are typically 
available together with MALDI and ESI ion sources. 


5.221 Quadrupole Instruments and Quadrupole lon Traps 

Quadrupole mass analyzers consist of four parallel metal rods which are either 
round-shaped or ideally have a hyperbolic section. Ion separation is realized by ap- 
plying an alternating electrical field to the four rods with each pair of adjacent rods 
having the opposite signs of the potential. The potential Ф applied to two opposite 
rods is a superposition of a constant potential U and an alternating potential 
V cos œt (Eq. (5.1)). The other two opposite rods bear the potential —Ф. œ describes 
the angular frequency and equals 2zv when v is the frequency of the applied radio 
frequency field; t is the time. 


Ф = (И — V cos ot) (5.1) 
Basically, ions entering the quadrupole move through it in a wavelike trajectory 


around the z-axis between the quadrupole's electrodes. This motion can be de- 
scribed by the so-called Mathieu differential equations (5.2) and (5.3). 


„| 2€ 
E. + V cos wt)x = 0 (5.2) 
. 2€ 
y—.,,;(U + V cos ot)y = 0 (5.3) 


with x, y providing the ions coordinates in x and y direction perpendicular to the 
long axis of the quadrupole (e: elemental charge, m: ion mass, 2r: distance between 
opposing rods). 

The solution of differential equations (5.2) and (5.3) is a specific pathway of pre- 
defined ions with a special m/z ratio inside the electric potential of the electrodes. 
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Tab. 5.2. Illustration of the common mass analyzers and their ion separation principles. 
Type of lon separation principle Comments Accuracy/ m/z resolution 
analyzer ppm range 
Sector field: Magnetic sector: Lorentz Limited resolution in MS/MS <5 10000 30,000 
(B, E, BE, force; impulse selection; experiments, high-energy 
EB... Electrostatic sector: kinetic collisions; usually coupled to 

energy selection EI/CI, FAB 
Quadrupole Superposition of a Low cost instruments which 100 4000 4,000 
(Q) constant electric field (U) сап favorably be coupled to 

and a radiofrequency continuously operating ESI 

field (V) on four parallel ion sources; MS/MS capable, 

metal rods, stable ion if e.g. three quadrupols are 

trajectories require used for mass selection, 

appropriate settings of Ч collisional activation and 

and У, scanning voltages product ion scan 

separates different m/z 
Ion Trap (IT) Similar to Q, traps have а Low cost instruments; 100 4000 4,000 

ring electrode and two collision gases can be 

capping electrodes subjected into the trap for 

MS/MS and beyond (MS?) 

Time-of-flight All ions accelerated at the Pulsed analyzer typically used 200 >300000 8,000 
(TOF) same time by a high together with MALDI ion 

voltage pulse, travel time sources, not generally 

corresponds to m/z applicable for MS/MS 
Time-of-flight Similar to TOF, but ions TOF/TOF analyzers 10 10 000 15,000 
(reflectron) are reflected and thereby permitting MS/MS 

refocused by reflectron experiments available, 

thus providing higher growing number of 

accurracy applications 
Ion-cyclotron Cyclotron frequency of Costly equipment, highest <2 10000 »100,000 


resonance 
(ICR) 


ions orbiting inside a cell 
within a superconducting 
magnet (4.7-12 T field 
strength) is measured 


accuracy and resolution, in 
principle unlimited MS” 
capabilities (as long as ion 
intensity suffices), 


bimolecular reactions possible 


а B indicates a magnetic sector, E an electrostatic sector. The most 
common setups are double-focusing instruments with either a Nier- 
Johnson geometry (EB) or an inverse Nier-Johnson configuration (BE). 
Extended setups such as BEBE are available and can be used for up to 
MS? experiments. 
bMS/MS, tandem MS and MS" are expressions referring to 
experiments in which the ion of interest is mass-selected, then 
subjected to a gas-phase experiment, and finally examined with respect 
to the product ions formed in fragmentation reactions. 


5.2 Instrumentation 


quadrupole 







to detector 


U * V cos(ot) 


ion 


beam resonant ion (detected) 


non-resonant ion (not detected) 


Fig. 5.4. Schematic view of a quadrupole system with stable (resonant 
ion) and unstable (non-resonant ion) ion trajectories. 


Ions, whose m/z is not within the stable trajectories are neutralized when they 
touch one of the rods and thus do not leave the quadrupole into the detector. By 
varying the direct voltage and AC voltage fast scanning of a wide range of m/z 
values is possible (Fig. 5.4). 

Quadrupole instruments are low in cost and thus are widespread in MS labora- 
tories. The advantages are high transmission, a low weight, and compactness. They 
have low ion acceleration voltages and allow high scan speeds. In certain cases, the 
rather low mass accuracy and low resolution may however be somewhat problem- 
atic. Instruments with at least three linear quadrupoles in a row can be used for 
tandem mass spectrometric experiments. In these experiments, the first quadru- 
pole is set to a constant m/z value in order to mass-select the ions of interest and 
to expel all unwanted ions from the ion flight path. The second quadrupole is 
operated as the collision cell, in which fragmentation of the ions can be induced 
by adding a collision gas. The product ions are detected by scanning the third 
quadrupole. 

Quadrupole ion traps can be considered as a variant of linear quadrupoles. They 
bear a ring electrode and two end cap electrodes. The potential applied to these 
electrodes is again alternating, so that the ions again follow trajectories inside the 
cavity between the electrodes. One major advantage of ion trap instruments is their 
capability to perform MS" experiments in the same trap, i.e. after mass selection 
(ejection of all unwanted ions from the trap), a collision gas is applied, the ions 
are accelerated inside the trap and fragment upon collision with the gas. Now ei- 
ther the products can be recorded by scanning the instrument settings for different 
m/z or another mass selection of one of the product ions can be done and so forth. 


52.22 Time-of-flight (TOF) 

When ions of different molecular masses are accelerated by the same voltage U, 
they all have the same kinetic energy Еџ, (Eq. (5.4); z is the number of charges, v 
is the ion velocity). They differ however with respect to their velocities so that they 
need different time intervals for traveling the same distance. Heavier ions travel 
more slowly than lighter ones. 
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1 
Ekin = zeU = jn" (5.4) 


Rearrangement of Eq. (5.4) allows us to calculate the ion velocity v which corre- 
sponds to the quotient of the travel distance s and the flight time t (Eq. (5.5)). From 
the flight time, the m/z ratio can be calculated, if the acceleration voltage U and 
the path length s are known (Eq. (5.6)). 


28$ 2zeU 








= (5.5) 
m 2е02 
pep (5.6) 


Time-of-flight analyzers make use of this principle. One requirement is that the 
starting time must be known and the same for all ions within one package. This 
can be achieved by two rotating discs as shown in Fig. 5.5. Here, the time of flight 
of the ions, that pass the openings in the two rotating discs, can be detected be- 
cause the rotational velocities of the two discs are known and also the distance be- 
tween them so that the time intervals between two ion packages are known. The 
alternative is to apply a short high voltage pulse perpendicular to the ion flight 
path on which it entered the analyzer from the ion source. The ions at the deflector 
electrode simultaneously start to move on an almost perpendicular flight path and 
can be analyzed with respect to their flight times and thus m/z values. The pulsed 
manner of the TOF analyzer makes it ideally suited for MALDI ion sources which 
also operate in a pulsed way. Nevertheless, ESI-TOF mass spectrometers are also 
common. 

One should distinguish between linear TOF analyzers and reflectron TOF ana- 
lyzers. The reflectron in the latter instruments reflects the ions by electrostatic 


openings 






‚ ——99 ——> 


pulsed beam to detector 


of ions 


Fig. 5.5. Schematic view of a linear TOF analyzer. The time of flight of 
the generated ions that pass the openings in the rotating discs, is 
detected in the gap of the two discs. 
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potentials. This not only elongates the flight path and thus increases the ion sepa- 
ration in time, but also refocusses the ions. Consequently, reflectron TOF instru- 
ments usually achieve much higher mass accuracy and resolution than their linear 
counterparts. The price is a limitation in mass range, which at least in principle is 
not limited in linear TOF instruments. TOF instruments have high transmissions 
and permit extremely high scan rates, since each scan is obtained in the microsec- 
ond regime. Meanwhile, TOF/TOF instruments capable of tandem MS are com- 
mercially available. 


5.2.2.3 lon Cyclotron Resonance (ICR) 
ICR instruments [22] employ the high magnetic fields of superconducting mag- 
nets (commercially available instruments are usually in the range of 4.7 to 9.4 T) 
to bring the ions on a small orbit within the analyzer cell. The Lorentz force is 
strong enough to prevent the ions from escaping the cell in the x and y directions 
perpendicular to the field axis z. After transfer of the ions into the ICR cell located 
inside the homogeneous magnetic field, they thus need to be trapped in z direc- 
tion. Fig. 5.6 shows a schematic drawing of the cell. Two electrode plates, the trap- 
ping plates are charged with a positive voltage for cations (or a negative voltage for 
anions) in order to keep the ions inside the cell. 

Equation (5.7) describes the radius rm of the ions’ orbits (B is the magnetic field 
strength, v the velocity of the ions on the circuit): 


„= (5.7) 


receiver 


transmitter 
plate 





trapping plate 


Fig. 5.6. Schematic view of an FT-ICR cell. Simply speaking, the cell 
consists of three pairs of oppositely positioned plates. The ions enter 
this cell along the magnetic field axis through the frontal trapping plate 
and are then trapped in the cell by charging the trapping plates. The 
transmitter plates are used to apply high-frequency pulses in order to 
manipulate the ions. Detection is done by measuring the image 
currents of orbiting ion packages on the receiver or detection plates. 
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Upon substitution of у = го, the angular frequency о, becomes: 


zeB 
=< 5.8 


Consequently, the angular frequency is a function of the ion’s mass, charge and 
also of the magnetic field, which is constant. Most importantly, it is independent 
from the ions’ initial velocity and each m/z ratio corresponds to one particular 
cyclotron frequency. If a transverse high frequency alternating electrical field is ap- 
plied to the transmitter plates shown in Fig. 5.6, the ions trapped inside the cell 
can be accelerated. The result of this acceleration is not a change of the cyclotron 
frequency, but the increase of the orbit radius. These changes in radius can be 
used for three different purposes: (i) If a package of ions is accelerated to a large 
radius, its detection is possible by measuring the frequency of the mirror current 
of the package at the detection plates. This frequency measurement can be done 
with extreme precision, so that ICR instruments provide highest resolutions and 
best mass accuracy. Since each ion package orbits with its unique cyclotron fre- 
quency, they can all be detected simultaneously as the transient free induction de- 
cay (FID; in analogy to NMR instruments), which is finally transformed into the 
mass spectrum by Fourier transformation of the time domain into the frequency 
domain. Quite rapid scan times are the result. (ii) By choosing the high frequency 
pulses appropriately, all ions except for a desired one can be accelerated to radii 
larger than the cell diameter. In this case, these undesired ions hit the cell walls 
and are neutralized. The result is the mass selection and isolation of a certain ion 
which then can be used for tandem MS experiments. In principle, FTICR instru- 
ments have no limits with respect to the number of М5" steps. Practically, it 
is limited by the ion abundances. (iii) An ion of interest can be mass selected and 
after addition of a collision gas accelerated by a high frequency pulse. This makes 
the collisions harsher and permits to fragment ions in the gas phase. The experi- 
ment is called collision-induced decay (CID). 

One of the most important features of FTICR instruments is their ability to store 
ions for a theoretically unlimited time (practically, there are limits caused by colli- 
sions with residual gas, but the times for which the ions can be stored are long 
enough to perform almost any desired experiment). As a consequence, this means 
that (i) not only unimolecular fragmentations, but also bimolecular reactions with 
neutral, volatile reactants added at pressures of ca. 1075-1077 mbars through 
pulsed or leak valves can be studied. (ii) Reaction rate constants can be determined 
which for bimolecular reactions are often given as the fraction of productive colli- 
sions of the reaction partners relative to the collision rate. (iii) It is easy to couple 
FTICR instruments with, for example, infrared lasers to induce fragmentations 
by infrared multiphoton irradiation (IRMPD) for defined time intervals. Conse- 
quently, FTICR instruments have not only the advantage of high mass accuracy 
and extraordinary resolving power, they also offer the most versatile equipment 
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for gas-phase chemistry beyond analytics. The major disadvantage is the cost of the 
equipment. 


5.3 
Particuliarities and Limitations of Mass Spectrometry 


As for any other method, particular effects connected to the transition from solu- 
tion to the gas phase and limitations arising from the mass spectrometric tech- 
nique need to be considered for mass spectrometric experiments with supramole- 
cules in order to avoid misinterpretations. 

Let us first consider how noncovalent bonds are affected by the transition from 
condensed phase into the high vacuum of the mass spectrometer. Noncovalent 
forces range from very weak van der Waals forces in the order of sometimes less 
than a few kJ mol-! up to the dative bond in metal coordination complexes, which 
often have strengths close to weak covalent bonds. In between are hydrogen 
bonds, z-donor z-acceptor interactions, cation-z forces, the hydrophobic effect, salt 
bridges, electrostatic attraction of ion pairs and others. They not only differ with 
respect to their strength, but also as far as directionality and thus geometry are 
concerned. Upon transition from solution to the gas phase, the environment 
changes dramatically. The change from a noncompetitive organic to a protic sol- 
vent often causes a complete change in binding selectivities, binding energies, or 
the stability of a large assembly. How can we then expect no changes to occur 
when transferring supramolecular species into the high vacuum of a mass spec- 
trometer? More precisely, any interaction that competes with the solvent, for exam- 
ple a hydrogen bond in protic media, probably increases in strength upon evapora- 
tion. The same holds true for electrostatic attractions, which are weakened in 
solution by the dielectric constant of the solvent and by solvation with the dipoles 
of the solvent molecules. Instead, salt bridges, e.g. the carboxylate-guanine inter- 
action in arginine-containing peptides, which are favorable in solution because 
the charges are stabilized by the solvent, may exist in the gas phase only under 
particularly beneficial circumstances. Other forces may become weaker in the gas 
phase. A special case is the hydrophobic effect. In water, nonpolar molecular sur- 
faces tend to turn towards each other. However, this is not, because the attraction 
between these surfaces is strong, but rather because they minimize the unpolar 
surface which cannot be efficiently solvated by the surrounding water molecules. 
Thus, more hydrogen bonds between water molecules remain undisturbed, contri- 
buting their binding energy to the favor of the system as a whole. In the gas phase, 
the unpolar molecules after desolvation do not benefit from this effect any more 
and their binding energy will be much lower than that found in solution. A series 
of literature reports deal with the formation of cyclodextrin inclusion complexes of 
for example different drugs and use mass spectrometry as a means to provide evi- 
dence for their formation [23]. Sometimes, they are observed in the mass spectra, 
sometimes not, even if the complexes exist in solution in both cases. However, 
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when thinking about it carefully, this is not surprising, because in solution it is 
mainly the hydrophobic effect which keeps the drug molecule inside the cyclodex- 
trin cavity. In the gas phase, this effect is usually replaced by a proton bridge 
between the two molecules – but only for those guest molecules which have func- 
tional groups suitable for formation of these proton bridges. The result is the same 
in solution and the gas phase: a complex is formed. However, the reasons for 
which the complexes are held together could not be more different. 

It cannot be overstated that treating mass spectrometric intensities as quantita- 
tively correlating with solution concentrations is at least dangerous and a constant 
source of error and misinterpretation. Even, if many literature reports claim that 
ESI-MS provides a reliable picture of the situation in solution and cite a list of 
predecessors testifying in favor of this assumption, it is rather an exception than 
normality, if this hypothesis holds. It does not become any more accurate by re- 
peating it over and over again. Factors such as the solvation energies influence the 
ESI response factors [24] which need to be determined for each single ion in order 
to obtain a quantitative correlation of concentration and intensitiy. There are many 
studies on crown ether-alkali ion complexes which even arrive at contradictory 
rankings of binding energies. A series of elegant, real gas-phase experiments [25] 
finally resolved the misunderstandings originating from them. These experiments 
clearly show that one either needs to carefully determine ESI response factors or to 
rely on experiments carried out truly in the gas phase after carefully mass-selecting 
the ion of interest. Quite recently, the serine octamer [26] was discovered (see 
below) as an amino acid cluster with a highly specific structure. It even exhibits a 
strong tendency for homochirality. Nevertheless, all attempts to detect this cluster 
in solution have failed so far. This example shows that in particular in the realm of 
weakly-bound species, there may be highly specific complexes which are not pres- 
ent in solution, but form upon electrospray ionization. 

Unspecific binding is quite common and thus may become a source of error. It 
is often quite difficult to distinguish specific from unspecific binding and thus, one 
may be tempted to draw false conclusions for example on complex stoichiometry. 
Whenever possible, one should perform experiments aiming at a structural assign- 
ment of the ions or use suitable controls in order to exclude unspecific binding or a 
structural rearrangement during or after the ionization process. 

Most weakly-bound species exhibit dynamic features in solution. For example, 
an equilibrium often exists between free host and guest on one side and the 
host-guest complex on the other. The equilibrium reflects thermodynamic stabil- 
ities. Often, the species interchange quickly and formation and dissociation of the 
host-guest complexes are fast processes. In the gas phase, there is no equilibrium 
situation, if the experiment is not deliberately and carefully set up to provide the 
necessary conditions. Upon decomposition of the complex ions in the gas phase, 
the two partners are irreversibly separated from each other. Consequently, the ki- 
netic rather than thermodynamic stability determines the results of mass spectro- 
metric experiments on noncovalent ions. Or in other words, the dynamics of the 
supramolecule may be significantly affected upon transfer into the high vacuum. 
This is not necessarily a disadvantage, because one gets insight into mechanistic 
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aspects of the supramolecule's reactivity which are hard or even impossible to ob- 
tain from solution experiments, but one needs to take into consideration that the 
reactivity may be significantly altered. 

When comparing gas-phase data with condensed-phase results, the influence of 
a charge cannot be neglected. Consequently, a comparison of e.g. neutral dimeric 
complexes in solution with proton-bridged dimers in the gas phase almost un- 
avoidably leads to misinterpretation. 

Finally, the ill-definition of temperature is a severe problem when attempting to 
collect thermochemical data in the gas phase. Isolated molecules or ions do not 
have a temperature, which is a macroscopic property and thus is only defined for 
an ensemble of molecules which are in thermal equilibrium with each other. Thus, 
the Boltzmann distribution of internal energies is not realized in the gas phase. In 
solution, all molecules reach thermal equilibrium by exchanging energy through 
collisions. In contrast, no such energy exchange is realized in the gas phase since 
collisions are avoided. Some ways to tackle this problem will be discussed below. 
While we are considering energetics, it should be mentioned that direct compari- 
son of the ease of induction of fragmentation is not easily possible for ions with 
large size differences. Large ions have so many more degrees of vibrational free- 
dom that they can store much more energy before fragmenting than smaller ions. 


5.4 
Beyond Analytical Characterization: Tandem MS Experiments for the Examination of 
the Gas-phase Chemistry of Supramolecules 


Many researchers working in other fields than mass spectrometry use this method 
merely as a tool for the analytical characterization of the substances of interest. The 
identity of the compounds under study is of interest; maybe, if ionization methods 
such as EI are used, the fragments generated in the ion source provide some addi- 
tional structural information. However, modern mass spectrometers are a whole 
laboratory in themselves whose potential to conduct ion chemistry in the gas phase 
is enormous. A large variety of experiments is available which allow the mass spec- 
trometrist to examine any ion of interest — once it is successfully generated — in the 
high vacuum of the mass spectrometer under environment-free conditions. The 
central prerequisite for all of these experiments is mass selection. Usually, the ion 
of interest is not the only one generated upon ionization and thus, it is mandatory 
to get rid of all unwanted ions before doing the experiments on the desired ion. 
This is quite analogous to any synthetic step done in "real" labs: the reactants are 
first purified and prepared for the reaction, then the reaction is done, and after- 
wards, the products are separated and characterized. In the mass spectrometric ver- 
sion, these steps correspond to mass selection, fragmentation, and the product ion 
scan. It should be noted that different analyzers use different principles for mass 
selection which we do not describe in detail here, since they are based on the same 
principles used for ion separation and detection described above. The only change 
is that no scan is done, but the instrument is set to a single m/z – that of the ion of 
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interest. In the following sections, we will describe briefly some of the experiments 
available nowadays for this kind of gas-phase chemistry. 


5.4.1 
Collision-induced Decay (CID) 


The method most often applied to induce fragmentation is the use of collision 
gases — usually noble gases. For high-energy collisions within sector-field instru- 
ments, helium is the most prominent one, for the lower-energy collisions occur- 
ring in the FTICR cell, argon is typical. Other gases can however also be used. 
When mass-selected ions collide with a stationary collision gas, a part of their 
kinetic energy is converted into internal energy, i.e. rovibrational excitation. If the 
collision-energy is high enough, bonds can be broken or rearrangement reactions 
with subsequent fragmentations may occur. It is important to distinguish between 
low- and high-energy collisions. In high-energy collisions, rearrangements are 
more or less suppressed in favor of direct bond cleavages. These collision experi- 
ments provide quite direct information on atom connectivities in the ions under 
study. Low-energy collisions may give rise to a substantial amount of rearrange- 
ment reactions and the analysis in terms of atom connectivities is sometimes 
rather difficult. However, for supramolecular chemistry, the connectivities within 
the building blocks are known beforehand and their spatial arrangement in the 
complex is of major interest. In this case, the noncovalent bond energies are low 
enough that complex rearrangements within the covalent scaffold are not expected 
and this point does not play an important role. Nevertheless, one should be aware 
that there might be cases where it matters. 

The pressure regime of the collision gas should be chosen to warrant that on av- 
erage every ion undergoes only one collision (so-called single-collision conditions; 
in FTICR instruments, for example, 1077 to 10-8 mbar is a good choice). But even 
if that holds true, the energy distribution within a population of ions after the col- 
lisions is broad. Consequently, in most cases, several competing fragmentation re- 
actions are observed, although they differ with respect to their activation barriers. 
Nevertheless, thermodynamic data can be extracted from CID experiments, when 
the threshold energy is determined at which the fragmentation reaction begins to 
occur (so-called threshold-CID experiment; TCID) [27]. This technique requires a 
particular experimental set-up, which is not commercial today and thus only a few 
such instruments are available to date worldwide. 


5.4.2 
Infrared-multiphoton Dissociation (IRMPD) 


Instead of collisional activation, the internal energy can also be increased by irradi- 
ating the mass-selected ions with an IR laser (usually a CO; laser operating at a 
wavelength of 10.6 um). Absorption of a single photon does not provide sufficient 
energy to induce fragmentation reactions, but laser flux densities are high enough 
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for multiphoton absorption to occur with subsequent fragmentation reactions. 
Thus, the experiment is called infrared multiphoton dissociation (IRMPD). One 
prerequisite of course is that the ions have at least one absorbing vibrational 
mode at the wavelength of the laser. This is the reason, why this technique works 
very well for larger ions with many coupled vibrations, but sometimes is problem- 
atic for very small species. 

The IRMPD experiment has been developed into a quantitative tool for the esti- 
mation of activation barriers of fragmentation processes, the so-called FRAGMENT 
method [28]. The barriers correspond to binding energies for simple bond dissoci- 
ation reactions, if the reverse reactions do not have significant barriers. Conse- 
quently, kinetic and thermodynamic data are accessible with this method despite 
the ill-definition of temperature. The experiment relies on the generation of a 
steady state of IR photon absorption and emission after a short induction period. 
In this case, thermal equilibrium is reached and internal energies (at least for large 
ions) follow Boltzmann distributions. Where this equilibrium lies and which actual 
temperature the ions thus have is not known, but when the laser flux density is 
increased, the steady state is shifted towards vibrationally more highly excited 
ions. Or expressed in a simplified way: the ion temperature depends on the laser 
flux density. 


In k = Ар“ 5А/ RT (5.9) 


Practically, the rate constants k for the dissociation of interest are determined at 
different laser flux densities P (given in W ст 3), i.e. different ion temperatures. 
Fragmentations are unimolecular reactions, and thus, they follow the Arrhenius 
law (Eq. (5.9)). Since the actual temperature is unknown, the Arrhenius plot of 
In k over 1/T needs to be modified in that In k is plotted against In P. Linear 
relationsships are obtained. The activation energy Ед can be determined from the 
slope of the line. E4 contains the enthalpic contributions to the barrier. The 
entropic contributions remain unknown, because they are included in the pre- 
exponential factor A of the Arrhenius equation. This factor can only be determined 
from the intersection of the line with the ordinate and since the actual temperature 
is not known, there is no way to determine the intersection and the pre-exponential 
factor. 


5.4.3 
Blackbody Infrared Radiative Dissociation (BIRD) 


The problem that the pre-exponential factor cannot be determined from quantita- 
tive IRMPD experiments can be circumvented by using an experiment which is 
called blackbody infrared radiative dissociation (BIRD). As in IRMPD experiments, 
BIRD is usually conducted in FTICR instruments. It does, however, require some 
special equipment, which is not always available. The BIRD experiment again is 
based on IR photon exchange with the ions in order to restore thermal equilib- 
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rium. The photon source, however, is different as compared to IRMPD. For the 
BIRD experiment, a heatable and temperature controlled FTICR cell is utilized 
which acts as the blackbody irradiation source. After a short induction period, the 
ions reach thermal equilibrium with the cell walls and thus their temperature is 
defined as the temperature of the cell wall. With the temperatures known, the 
rate constants of a gas-phase reaction can be determined at different temperatures 
and a simple Arrhenius plot will provide both E4 and A. Consequently, the en- 
thalpic and entropic contributions to the activation barriers become accessible. In 
principle, even the activation enthalpy and activation entropy can be directly 
derived from the Eyring equation (Eq. (5.10)) by plotting In(k/T) over 1/T (Eq. 
(5.11); kg is the Boltzmann constant, h the Planck quantum, R the gas constant). 





pem kaT | Ac*/RT = kaT | (aH*—Tas*)/RT (5.10) 
k ks AS* АНУ 
а= = а а. (5.11) 
5.4.4 


Electron-capture Dissociation (ECD) and Electron Transfer Dissociation (ETD) 


Electron-capture dissociation and electron-transfer dissociation are relatively new 
methods of inducing fragmentation reactions. Since electrons stemming from 
an electron-emitting cathode (ECD) or from an anion (ETD) react with cations, 
multiply-charged cations are required. Singly-charged cations will react with an 
electron to yield a neutral product which cannot be detected by mass spectrometry. 
This makes these methods highly interesting for proteomics, where protein and 
peptide ions usually are generated as multiply-charged species by electrospray 
ionization. In order to react efficiently with the cation, the electron must be slow. 
Once caught by the peptide, the resulting radical induces specific cleavages making 
the fragmentation pattern of the peptide/protein less complex and easier to inter- 
pret that those obtained by collisional activation or IRMPD. However, the two 
methods have not been utilized for supramolecules yet and we mention them 
only briefly here, because they may have an interesting potential for the future. 


5.4.5 
Bimolecular Reactions: H/D-exchange and Gas-phase Equilibria 


In FTICR instruments, one can conduct bimolecular reactions between the mass- 
selected ion of interest and a neutral reactant. This is possible, because the ions are 
stored in the FTICR cell, so that they can react with a gaseous compound and the 
reaction can be followed over time. The rate constants are usually given as the frac- 
tion of the collision rate. 

The major limitation of this experiment comes from the availability of suitable 
reactants, because they must be volatile enough to be evaporated into the ICR cell. 
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Sticky, polar molecules can cause practical problems, because they adsorb on the 
cell walls and the transfer lines and it takes quite a long time to get rid of them 
after the experiment. While this is normally no problem in the cell, which can be 
baked out over night, the transfer lines retain some amount of the reactants and do 
not have a bake out function. Consequently, there are limitations with respect to 
the reactants that can be used. 

Nevertheless, two important types of experiments have been applied to supramo- 
lecules. The first one is the exchange of protons against deuterons by reaction of an 
ion with e.g. methanol-OD or deuterated ammonia. The kinetics of the exchange 
reaction can be followed, if one has a good model of which protons are exchange- 
able. The second experiment works with two different reactants present in the 
FTICR cell at the same pressure which thus compete in their reactions with the 
ions of interest. If one follows these reactions over time, an equilibrium situation 
is finally obtained. If the partial pressures of the two reactants are appropriately 
controlled (and this represents a nontrivial problem), one can deduce relative 
thermodynamic data, for example, the differences in binding energies for different 
host-guest complexes. It should be noted that this experiment works best if the 
two binding energies are close to each other. The smaller the difference in binding 
energies, the smaller the experimental error. 


5.5 
Selected Examples 


In the following sections, the above methods will be illustrated with a couple of 
selected examples. The list cannot be comprehensive. In particular, mass spectro- 
metric studies on the analytical characterization meanwhile number into the hun- 
dreds, while the other aspects described here are less prominent in the literature. 
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Fig. 5.7. A chiral supramolecular rhomb: both (R,R,R,R) and (S,S,S,S) 
enantiomers have been synthesized and examined with mass 
spectrometry. 


123 


124 | 5 Mass Spectrometry and Gas Phase Chemistry of Supramolecules 





'uone|noje» ay} ш papnyoul osje s! зеца '"хојашоз є: passeyd-Ajdiuy e jo шәцеа 

adojos! Jayjoue Áq рәѕоашиәапѕ $! 799 2/ш зе salads радлецо-Ајапор eui jo su! 291 `(1ә5ш! Ya) [EFON &—*ОМН—ИП 
uoi pegjeu»-Adu ayy pue (yasu! 148и) [EON Z- *ONH Z- IW] чо! pegueu»-Aqnop əy} jo гилоцед adojos! (шоцод) 
разејпзјез pue (903) |езиэцлаэахе əy} moys SSU! IYL ' [ОМ Z-5ONH ZW] хајашоз peSueu»-Aqnop ayy sjuasaidas 
799 2/ш үе |еи815 эзиэзи! əy] зешоцивио (S's's'S) s,quioui ле|поәјошелапѕ әці jo шпдоәӣѕ $5е 45114 ISI ‘8'6 “Bld 


211 004 009 009 00v 00€ 





Z/u 99 $99 199 





^ вер уш 
Но 





vor СРР СРР М 


сР9 z/w 
Heg- 





299 2/ш Zr zu 
«zl ONZ- ONHZ-N] „ГОМ&-ОМН-ИЙ 


5.5 Selected Examples 


5:53. 
Analytical Characterization: Exact Mass, Isotope Patterns, Charge State, 
Stoichiometry, Impurities 


The chiral metal complex shown in Fig. 5.7 provides an excellent example for the 
information that can be retrieved from a simple mass spectrum. The two РКП) 
complexes at its corners mean that the complex is a tetracation. Ionization by ESI 
occurs through successive losses of nitrate counterions. Interestingly, no singly- 
charged ion for this complex is observed. So, when beginning the interpretation 
of the mass spectrum, one should always take a look at the isotope patterns. The 
distance between two adjacent signals equals 1/z (with z representing the number 
of charges). Consequently, the ion at m/z 442 is identified as trication, because the 
peak spacing is 0.33. This means that the actual mass of the corresponding ion is 
т = (3 x 442) = 1326 Da which nicely corresponds to the mass of the complete 
rhomb (1575 Da) which has lost three NO; ^ counterions (62 Da each) and one 
HNO; molecule (63 Da; thus 1326 = 1575 — 63 — (3 x 62) Da). From this mass, 
it is clear that the complex not only lost three nitrate counterions during the 
ionization, but also one HNO; molecule incorporating the last counterion. This 
information should be verified by determining the exact mass of the ion and by 
comparing the experimental isotope pattern with the calculated one (inset). Both 
data help to confirm the elemental composition. 

Based on this information, we can assign the peak at m/z 662. When the ion 
is capable of losing counterions as HNO; molecules, one may expect that doubly- 
charged cations appear which not only lost two nitrate anions, but two additional 
HNO; molecules. The peak spacing in the isotope pattern should be 0.5 mass 
units. Indeed, the peak at m/z 662 corresponds to this doubly-charged ion. How- 
ever, when the experimental isotope pattern is compared to the calculated one 
(which should basically be identical with the one calculated for the +3 charge 
state), quite significant deviations are observed. In particular, small signals arise 
between the large ones with peak spacings of 0.33 mass units. This indicates that 
a small contribution from a trication is superimposed on the dication and causes 
the deviations. Since both have the same m/z ratio, the trication must have the 
1.5-fold mass of the complex under study. Consequently, a detailed isotope pattern 
analysis allows us to identify a second component in the mixture. Besides the 2:2 
complex of ligand and corner, a 3:3 complex is formed in equilibrium with it. 

Other signals are present in the spectrum indicating some impurity: the signal 
at m/z 642 corresponds to a doubly-charged ion in which one of the acetal groups 
has been cleaved. Whether this defect is a result of incomplete synthesis or of 
acetal cleavage in the spray solvent cannot be determined from the mass spectra 
alone. 

This analysis can be extended to the other small peaks in the mass spectrum, 
and one will find some ion resulting from fragmentation of the complexes during 
ionization. We will not go into detail here, but rather conclude that the careful 
analysis of the exact mass and the isotope pattern provides information on the 
elemental composition and with it on the stoichiometry of the complex (e.g. 2:2 
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vs. 3:3). One can deduce the ionization mode and the charge state and gets at least 
a qualitative idea of the impurities in the sample. With respect to the stoichiome- 
try, the warnings issued above on unspecific binding remain valid, of course. 


35.9.2 
Structural Characterization of Supramolecules 


When discussing the contributions mass spectrometry can make for a structural 
assignment of supramolecules, we do not have in mind the connectivity of the 
atoms within the different building blocks. Rather, the "secondary" structure is 
meant: How are the different components positioned in the complex, how are 
they bound? Two examples will illustrate this: (i) Molecules with mechanical bonds 
(e.g. rotaxanes, catenanes, and knots) have special topologies and mass spectromet- 
ric experiments aiming at distinguishing different topologies are highly interesting 
not only from a fundamental point of view, but also for the synthetic chemist, who 
deals with these species. (ii) Encapsulation complexes which bear a guest mole- 
cule within a capsule held together by hydrogen bonding have attracted a lot of 
interest. In many cases, valuable evidence for encapsulation comes from mass 
spectrometry. 


5.5.2.1 The Mechanical Bond: How to Distinguish Molecules with Respect to 

Their Topology 

Figure 5.9 shows the structural formula of a rotaxane which can be synthesized by 
a hydrogen-bond mediated template effect [29]. The axle is mechanically trapped 
inside the cavity of the wheel by two sterically-demanding stopper groups. CID ex- 
periments can be used to provide definitive evidence for the threaded topology, 
because the structural alternative is a non-threaded, hydrogen-bonded complex of 
axle and wheel. It should be not too difficult to obtain structure-indicative spectra, 
because the complex dissociates by breaking a few hydrogen bonds, while the ro- 
taxane can only decompose, when a covalent bond is broken. The rotaxane is easily 





Fig. 5.9. Example for a rotaxane, which consists of an axle 
mechanically trapped inside the cavity of the macrocycle by large 
stopper groups attached to its two ends. 
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ionized by deprotonation of the central phenol group and can be observed as the 
corresponding anion in the negative mode. After ionization, the ion of interest is 
mass-selected. Subsequently, the ion is accelerated and collided with argon at a 
pressure of ca. 1077 mbar. The non-intertwined axle-wheel complex can be inde- 
pendently generated from a 1:1 mixture of both components and then be subjected 
to the exact same experiment (same conditions, same parameters). Figure 5.10 
shows the resulting CID mass spectra together with the analogous spectrum of 
the axle alone [30]. 

The CID mass spectrum of the rotaxane shows rather small fragments at m/z 
243, m/z 505, m/z 518, which can unambiguously be assigned to products of cova- 
lent bond cleavages of the axle. This becomes clear from the same experiment per- 
formed with the axle in the absence of the wheel. Similar fragments are observed 
for the axle-wheel complex. The two CID spectra, however show two distinct differ- 
ences: (1) The free, deprotonated axle is the major fragment in the CID spectrum of 
the complex, while it is virtually absent in the rotaxane CID spectrum. (ii) Both 
spectra are obtained under the same experimental conditons. While the rotaxane 
parent survives the experiment to an extent of ca. 8596, almost two thirds of the 
complex are destroyed. This points to less energy-demanding fragmentation for 
the complex. Both observations can be explained, when one considers that only 
four hydrogen bonds need to be broken in the complex in order to separate axle 
and wheel. The axle thus remains intact and the binding energy is low. From the 
rotaxane, the wheel can only be lost if the mechanical bond is released and this 
requires the cleavage of a covalent bond. Since bonds in the wheel are not easy to 
cleave, the axle is destroyed and only its fragments are observed. Covalent bond 
cleavage of course is more energy demanding. 

While it is quite straightforward to distinguish these two species, the problem 
becomes more challenging when comparing the tetra- and octalactam macrocycles, 
catenanes and the trefoil knot shown in Fig. 5.11. For both, fragmentation of the 
octalactam macrocycle and of the catenane, covalent bonds need to be broken and 
one may ask whether mass spectrometry is still able to provide criteria for differ- 
entiating the two topologies. 

Again, CID experiments provide the structural assignment. Ionization can be 
achieved by protonation in the positive mode [31] as well as deprotonation of an 
amide in the negative mode [30]. For both charge states, the result is similar: 
all monomacrocycles fragment through water losses originating from the amide 
bond, while other fragments are rather low in intensity and become clearly visible 
only at higher collision energies. Instead, the catenane first loses one wheel. The 
remaining macrocycle shows the same fragmentation reactions found for the tetra- 
lactam macrocycle. Mass spectrometry thus provides clear evidence for the inter- 
twined topology of catenanes — an approach which has recently been used for other 
types of catenanes as well [32]. 


5.5.2.2 Encapsulation of Guest Molecules in Self-assembling Capsules 
The encapsulation of guest molecules in self-assembling capsules is a topic of great 
interest in supramolecular chemistry. Quite often, it is rather difficult to provide 
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Fig. 5.10. CID experiments conducted with (top to bottom) the mass- 
selected axle, rotaxane and the non-intertwined hydrogen-bonded axle- 
wheel complex. The inset on top shows the fragmentations of the 
deprotonated axle. 


clear evidence for the encapsulation inside the capsule's cavity — in particular when 
the capsule is a highly dynamic species [33]. NMR experiments may show two sep- 
arate signals for the free and the encapsulated guest, provided that the guest ex- 
change is slow enough. Complementary information from mass spectrometry is 
nevertheless very helpful. Mass spectrometric structural proof for encapsulation 
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Fig. 5.11. Macrocycles, catenanes and knots of the amide type. 


can be achieved by using charged guests which make ionization easy [21]. Compe- 
tition experiments with different guest molecules can be used to address the size, 
shape and symmetry congruence of guest and capsule cavity. Heterocapsule forma- 
tion can occur when two different capsules exchange their constituent subunits. 
This reaction can be used to address dynamic processes by mass spectrometry. Fi- 
nally, tandem MS experiments may even provide some insight into the capsule's 
structure in the gas phase. 

Figure 5.12 shows the Rebek softballs. Two C-shaped monomers can form a 
capsule self-assembled through a seam of hydrogen bonds. Inside the cavity, the 
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capsules can accommodate guest molecules. For mass spectrometric characteriza- 
tion, electrospray ionization was used. Normally, methanol or water are used as the 
spray solvents in ESI MS. Since these solvents compete with the hydrogen bonds 
between the two capsule halves, a noncompetitive solvent needs to be used, e.g. 
chloroform or dichloromethane. In this case, a charge must be provided, which 
can elegantly be done by encapsulating cations such as tetraethylammonium. Fi- 
nally, the counterion is important. Weakly coordinating counterions not only help 
to increase solubility of the guest salt, they neither interfere with the hydrogen- 
bonding pattern. This strategy is successful and Fig. 5.13 shows the mass spectra 
for four different softballs which all exhibit intense signals for the desired 2:1 com- 
plexes of capsule monomers and guest cation. 

The desired structural information of these capsules is now elucidated in five 
steps: (i) Detecting the elemental composition and charge state for comparison 
with the calculated isotope pattern on the basis of natural abundances. (ii) Verifica- 
tion of the hydrogen-bonded nature of the assembly by addition of methanol to 
the sample that should disrupt the hydrogen bonds and thus make the signal of 
the intact capsule disappear. (iii) Competition experiments with guests of different 
sizes reveal whether a certain size selectivity governs guest binding. This is a good 
sign for encapsulation of the ion inside the cavity. (iv) A competition experiment 
with a 1:1 mixture of a softball monomer and the tetramethylated analog shown 
in Fig. 5.12 should give rise to signals only for the nonmethylated softball, because 
the methylated compound is known from solution phase studies (e.g. NMR) not to 
form capsules. This experiment provides evidence for recognition between the two 
capsule halves. (v) Further evidence for the hydrogen-bonded structure comes from 
exchange experiments, in which equimolar amounts of two different homodimers 
are mixed. Signals corresponding to the heterodimers reveal the exchange of 
monomers between the two capsules and thus support the dynamic nature of the 
capsules. All five experiments yielded the expected results and thus, mass spec- 
trometry successfully provided insight into their capsular structure in solution. 

Conclusive evidence for a capsular structure even in the gas phase after ioniza- 
tion is provided by collisional activation of capsule ions. In this experiment, cova- 
lent bond cleavages are observed to compete with loss of the guest, which conse- 
quently must be bound quite strongly (Fig. 5.14). Although the structural insight 
gained by these experiments is somewhat indirect, they suggest the capsule struc- 
ture to be retained during ionization. 

This approach succeeds not only for dimeric capsules, but can also be applied to 
pyrogallarenes and resorcinarenes such as those shown in Fig. 5.15, which self- 
assemble in the crystal [34] and in solution [35] to hexameric capsules. The assem- 
bly can be thought of as a cube with one bowl-shaped monomer on each face. The 
monomers are connected to each other by a complex network of hydrogen bonds 
and surround an interior volume of more than 1200 À? which can be filled with 
guest molecules. If the monomers are dissolved in CHCl;:acetone (2:1) without ad- 
dition of a guest, clusters are observed with intensities decreasing with cluster size 
(Fig. 5.162). This is expected, when unspecific binding occurs – an undesired effect 
which occurs quite often under soft ESI conditions. The addition of templating 
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Fig. 5.13. ESI mass spectra of 2:1 mixtures of one of the four softball 
monomers shown in Fig. 5.12 (M1—M4) and tetraethylammonium as 
the guest cation (G^). 


cations changes the picture. Upon addition of tetramethyl ammonium salts, we ob- 
serve the almost exclusive formation of dimers (Fig. 5.16b). In line with literature 
[36], these dimers can be assigned to small capsules which entrap one guest cation 
inside. Larger cations such as tetrabutyl ammonium change the size distribution 
(Fig. 5.16c), but do not specifically form hexamers. Only a guest such as tris-2,2"- 
bipyridine ruthenium(II), which is almost perfectly congruent with the geometry 
of the cavity in size, shape and symmetry (Fig. 5.15, right), produces a rather clean 
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Fig. 5.14. Fragmentation processes during a CID experiment with a 
softball-tetraethylammonium complex. a) Mass spectrum of a sample 
solution without additional acceleration of the ions. b) The same 
experiment with an additional acceleration voltage of —100 V. The inset 
shows which fragmentation processes reasonably rationalize the 
observed product ion signals. 


spectrum with the hexamer signal being the base peak (Fig. 5.16d) [37]. A control 
experiment with the tetramethyl resorcinarene in Fig. 5.15 clearly rules out unspe- 
cific hexamers: no signal for any hexamer is observed with this compound for 
which the formation of the hydrogen bond network is impossible. Finally, if 
two different resorcinarenes or a resorcinarene and a pyrogallarene are mixed di- 
rectly before the mass spectrometric experiment, a completely statistical mixture 
of homo- and heterohexamers is observed indicating that the exchange of mono- 
mers is fast under these conditions. 

The investigation of encapsulation processes is not restricted to hydrogen-bonded 
capsules. Also, metallosupramolecular encapsulation complexes can be studied. 
Figure 5.17 depicts an octa-anionic tetrahedron self-assembled around a templating 
tetraethylammonium cation. The mass spectrum is characterized by signals for 
multiply-charged ions formed by successively stripping away tetraethylammonium 
counterions. The presence of 12 Cd, 12 Br, and 12 Cl atoms in the whole structure, 
generates a very broad isotope pattern. Nevertheless, ESI-FTICR mass spectrome- 
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Fig. 5.16. (a) ESI-FTICR mass spectrum of pyrogallarene (Py) in 
CHCls:acetone (2:1). (b) ESI mass spectrum of the same solution after 
addition of 1 eq. of a tetramethyl ammonium (TMA) salt. (c) 
Distribution of clusters with tetrabutyl ammonium (TBA) as the guest 
cation. (d) ESI mass spectrum of the hexamer encapsulating 
Ru(bpy)32*. The experimental and calculated isotope patterns nicely 
match. 


try provides the necessary resolution even to analyze the pattern for the quadruply- 
charged anions. 

A remarkable difference is detected between the mass spectra (Fig. 5.18) of tetra- 
hedra containing МЕЦ“ ог NEtSH* ions as the templating guest [38]. When tetra- 
ethyl ammonium is encapsulated, the interior space is nicely filled. The mass spec- 
tra indicate that the signal for each charge state is accompanied by consecutive 
losses of NEt,Cl or by the exchange of МЕЦ" against H*. The simulated pattern 
based on natural isotope abundances nicely agrees with the experimental pattern. 
This is no longer true, when triethyl ammonium acts as the guest. A calculation 
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Fig. 5.17. Octaanionic tetrahedron with encapsulated templating guest 
ion (Ез МНТ or ЕМ“). Each face consists of a triangular Cd complex. 
The faces are connected by a Cd-O- Cd-O four-membered ring 
binding motif and the surface is fully closed preventing any guest 
exchange because of the extended nature of the ligand with the Br 
atoms pointing towards the tetrahedron's tips. 


based on an analogous sequence of ions does not match the experimental pattern 
closely. A detailed inspection revealed that the addition of a similar distribution of 
ions containing both a triethyl ammonium and one water molecule provided an ex- 
cellent fit instead. The conclusion from these experiments is: the water molecule is 
coencapsulated and unable to escape on desolvation (which is complete in the case 
of the tetraethyl ammonium guest). It is thus tightly bound and must reside inside 
the cavity where, according to the crystal structure, it occupies the space of the 
missing forth ethyl group of the guest cation. Mass spectrometry thus strongly 
supports that the tetrahedron bears a fully closed surface, which even prevents the 
escape of the small water molecule from the cavity. 

These examples show how structural data on different types of encapsulation 
complexes can be obtained by mass spectrometry. Again, the evidence is indirect, 
but helpful and complementary to that from other methods. 





Fig. 5.18. Partial ESI-FTICR mass spectra of the tetrahedron. Left: 
Distribution of different ions generated by successive losses of МЕ“ 
counterions, exchange of the cation against protons, or NEt4CI losses. 
The calculated isotope patterns of the assigned ions almost perfectly fit 
the experimental ones. Right: Same for triply-charged tetrahedra 
encapsulating a EtsNH* ion. The isotope patterns of a distribution 
analogous to the left one don't fit. If ions containing one water 
molecule are added, an excellent fit is achieved. According to the 
crystal structure, one water molecule is co-encapsulated with the 
triethyl ammonium ion. 
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5.5.3 
lon Mobility: A Zwitterionic Serine Octamer? 


Quite remarkably, electrospray ionization of rather concentrated methanol solu- 
tions (e.g. 0.1 M) of serine yields an abundant ion corresponding to an octameric 
amino acid cluster [39]. Other cluster sizes are generated only with much lower in- 
tensity. The most intriguing feature of these ions is their strong tendency to form 
homochiral clusters. In a mixture of r-serine and isotopically-labeled ['?С]-р-ѕегіпе, 
the homochiral octamer appears with an intensity higher than that expected from 
statistics by a factor of ca. 14, while the 4L/4D cluster is significantly less abundant 
than expected. In order to explain these features, several structures have been sug- 
gested in the literature, among them structures containing zwitterionic serine mol- 
ecules and structures, where all serines existed in their non-zwitterionic form. One 
example for a zwitterionic structure is shown in Fig. 5.19. Both forms can be 
distinguished by their ion size. The strong attractive electrostatic forces within a 
cluster of zwitterionic serines, leads us to expect that the purely zwitterionic struc- 
ture will be much more compact than non-zwitterionic ones. In this structure, all 
eight serine OH groups are involved in a cyclic seam of hydrogen bonds, each con- 
nected to a carboxylate oxygen of the next serine. If one changes the stereochemis- 
try at one of the serines, this seam is disrupted. 

Since the octamer has not been observed in solution, a mass spectrometric 
method is needed to distinguish between the two possibilities. With ion mobility 
experiments [40], such a method does indeed exist. In this experiment, mass- 
selected ions are subjected into a drift tube filled with helium. A low voltage pulls 
the ions through the tube. Collisions with helium atoms, which do not usually 
cause fragmentation because the collision energies are low, decelerate larger ions 
to a greater extent than smaller ions. The arrival time distribution determined at 
the end of the drift tube can be converted into the collision cross-section which 
correlates with the ion's size and shape. The collision cross-section can also be cal- 
culated with quite a high precision (uncertainty of experiment vs. theory is often 
less than 396). For the serine octamer, cross-sections of 187 À? and 191 À? were ob- 
tained by experiment [41] – values much too low for non-zwitterionic structures. 
The zwitterionic structure shown in Fig. 5.19 however yields calculated values be- 
tween 183 À? and 191 À? depending on the model used [42]. It consequently ex- 
plains both, the compact size and the tendency towards homochiral clusters. 

However, the picture became more differentiated recently, when H/D exchange 
experiments were performed in the gas phase with the serine octamer [43]. In 
these experiments, the ions of interest are mass selected and subsequently reacted 
with a deuterium source, e.g. ND3 or CH3OD. The kinetics of the isotope exchange 
can be followed by mass spectrometry since both isotopes differ in their atomic 
masses. In these experiments, the serine octamers turned out to consist of two 
non-interconverting structures, one of which exchanges protons against deuterons 
significantly faster than the other. The quickly exchanging population is less stable 
and fragments more easily. It is thus assigned to a non-zwitterionic form. One pos- 
sible reason, why it has not been recognized in the ion mobility experiments, is its 
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Fig. 5.19. А serine octamer cluster built from zwitterionic L-serine 
molecules. Left: Space filling representation; Right: favorable 
interactions (electrostatic attraction, hydrogen bonds) holding the 
cluster together. Bottom; View showing a cyclic array of hydrogen 
bonds connecting the serines' OH groups with carboxylates from 
adjacent serines. Changing the stereochemistry of only one serine 
will disconnect this array and thus destabilize heterochiral forms. 
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potential destruction upon submitting the ions into the drift tube. Ion mobility ex- 
periments which were used mainly for the examination of gas-phase conforma- 
tions consequently show a great potential for elucidating details of supramolecular 
structures as well. However, the second population, which was initially overlooked, 
reminds us of the potential pitfalls of a purely mass spectrometric approach. 


5.5.4 
Mass Spectrometry for the Detection of Chirality 


Mass spectrometry is an intrinsically achiral method. Consequently, we cannot ex- 
pect it to distinguish two enantiomeric forms of a compound or supramolecular 
complex. However, diastereomers can have different properties and thus may well 
be distinguished by their mass spectra [44]. Two different methods have been de- 
veloped for assessing the diastereomeric excess of host-guest complexes. Basically, 
the first one examines mixtures of one enantiomer of the host with one enan- 
tiomer of the guest and an achiral reference host [45]. In a second experiment, 
the other enantiomer of the guest is mixed with the same chiral and achiral hosts. 
From the relative peak intensities (RPI) of the two diastereomeric complexes as 
compared to the reference complex, the diastereoselectivity can be measured. Fig- 
ure 5.20 shows a few examples for chiral crown ethers which have been used to 
investigate by mass spectrometry their ability to recognize chiral ammonium ions 
[45, 46]. 

One of the critical aspects of this approach is that two different experiments have 
to be performed between which the particular instrument conditions must be care- 
fully kept constant in order not to affect the intensity ratios. This problem can be 
overcome by the enantiomer-labeled guest method [47]. It is based on the mass 
spectrometric examination of one enantiomer of the host with a pseudo-racemic 
mixture of the guest. In order to be able to detect both diastereomers separately, 
one enantiomer of the guest must be isotopically labeled, usually with deuterium. 
In the same experiment, both diastereotopic complexes are formed and their inten- 
sities can be compared directly. However, the stereochemical effect might addition- 
ally be superimposed by an unknown isotope effect. A way to separate stereochem- 
ical and isotope effects is to perform the same experiment with the second host 
enantiomer [48]. In one experiment both stereochemical and isotope effects disfa- 
vor the same complex and thus work in the same direction. In the other experi- 
ment, they partly cancel each other. If both experiments have been performed, 
one can use the two experimental values for the intensity ratios of both diastero- 
meric complexes to deconvolute both effects [49]. 

The diastereoselectivities observed in the MS experiments for some systems dif- 
fer from those found in solution. Furthermore, some cases have been found, where 
different ionization methods, e.g. FAB versus ESI [50], gave rise to completely 
different diastereoselectivities. These findings point to the fact that the ionization 
procedure might alter the ratios of the species present in solution. Therefore, an 
approach using true gas-phase experiments would be advantageous. Several com- 
plexes of chiral ammonium ions with the chiral crown ethers in Fig. 5.20 have 
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(S)-guest host (R)-guest 


Fig. 5.20. Chiral crown ethers which have been used for chiral 
recognition studies with the ammonium ions in the inset. As a 
reference, the non-chiral crown at the center left was used. Bottom: 
Three-point model for chiral recognition of ammonium ions in crown 
ethers (| — large, m — medium, s — small substituents). 


been studied with so-called cation transfer equilibrium experiments [51]. In this 
experiment, a crown ether-ammonium complex is generated in one of the two di- 
astereomeric forms and mass-selected. The isolated complex ions are then reacted 
in the gas-phase with a pseudo-racemate of the neutral amine corresponding to the 
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guest cation. The crown ether can be transferred together with the proton from 
one amine to another amine. This reaction is followed over time until an equilib- 
rium is reached. The equilibrium distribution directly provides access to relative 
binding energies. Steric bulk and z-z interactions between the guest and the host 
contribute to the intrinsic stability difference of the two diasteromeric complexes. 
The steric interactions could be explained with a three-point model as depicted in 
Fig. 5.20 [51]. Consequently, with the right isotope labeling strategies, mass spec- 
trometry provides access to the intrinsic energy differences between two diastereo- 
meric complexes. As long as the intensity ratio of both diastereomers is in the 
range of ca. 0.2 to 4, this data is usually highly accurate because small energy dif- 
ferences translate into a quite large variation of the ratio of both diastereomers. 


9:9:9 
Reactivity Studies of Supramolecules in Solution 


After the discussion of structural details such as the secondary structure of nonco- 
valent complexes, the formation of (non-) zwitterionic clusters, and stereochemical 
features, reactivity will form the next topic in this chapter. In principle, mass spec- 
trometry can provide two different kinds of reactivity data. It can merely serve as a 
highly sensitive detector for processes occurring in solution. By following the ki- 
netics of for example ligand exchange reactions in solution, the dynamics of supra- 
molecular systems can be addressed. However, if one considers time scales, the 
normal time scale for a mass spectrometric experiment is at least in the minutes 
regime. Consequently, the processes under study need to be quite slow. On the 
other hand, mass spectrometry directly provides access to the intrinsic reactivity 
of a supramolecule in the gas phase. While a number of different dynamic pro- 
cesses such as complex formation and dissociation may exist in solution, such 
processes do not occur in the gas phase. Consequently, quite different mechanistic 
aspects can be investigated in both experiments. We will thus discuss them sepa- 
rately starting with one example from solution here. 

Carbonyl-substituted catechols (Fig. 5.21) react with Ti(IV) salts under slightly 
basic conditions to yield tris-catecholates in a first assembly step. In the presence 
of Lit ions (Na* and K* don't do the trick because their ion sizes are larger!), two 
of these tris-catecholate complexes form dimers bridged by three Li* ions [52]. The 
crystal structures of three representative examples only differing with respect to the 





Fig. 5.21. Top: Self-assembly drives the formation of helical, 
homochiral dimeric titanium tris-catecholate complexes. Dimerization 
is only mediated by Lit, while Nat and Kt do not lead to comparable 
products. Bottom: Crystal structures of the dimers formed from the 
aldehyde (left, R = Н), the ethyl ketone (centre, В = С: Hs), and the 
methyl ester (right, R = OCH3). Shown is a side view in space-filling 
representation and a ball-and-stick model with a view along the Ti-Ti 
axis. 
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nature of the carbonyl substituent (aldehyde, ketone, or ester) are shown in Fig. 
5.21. 

The question to be answered by mass spectrometry is how ligand exchange pro- 
ceeds in solution, when two different dimers are mixed with each other. By NMR 
methods, this is rather difficult to answer, because a large number of species, i.e. 
four different monomeric species and a multitude of different dimers (seven differ- 
ent ligand stoichiometries, some of which exist as mixtures of isomers), can be 
formed in the equilibrium. Mass spectrometry can however easily detect all differ- 
ent stoichiometries simultaneously as long as the two ligands differ in molecular 
weight. Different exchange processes are possible which lead to different expecta- 
tions with respect to the mass spectra observed (Fig. 5.22). (i) Direct exchange of 
single ligands within the dimer without dissociation of the dimer into the two 
monomers would lead to a completely statistical distribution of all dimer stoichio- 
metries. In the course of the reaction, a U-shaped distribution should appear at 
intermediate reaction times, because the first ligand must be exchanged, before 
the second one can be replaced. (ii) If no ligand exchange occurs at neither the 
dimer, nor the monomer, but dimers can dissociate into monomers, which reas- 
semble to yield dimers, only three signals should appear — the two homodimers 
and the heterodimer, in which both monomers are intact with three identical li- 





direct ligand exclusive exchange dissociation of 
exchange of intact monomers dimers followed 
in dimers by ligand exchange 
in monomers 


Fig. 5.22. Three different ligand exchange scenarios and their 
consequences for the mass spectrometric analysis. 
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gands. (iii) Finally, if ligands can exchange quickly on the monomer, but the ex- 
change is slow within the dimer, the dimers must first dissociate, followed by 
ligand exchange in the monomer and reassembly to the dimeric species. If this 
scenario holds true, a statistical distribution of mixed forms grows between the 
two homodimers. 

Figure 5.23 shows two series of mass spectra obtained from an equimolar mix- 
ture of two different lithium-bridged helicates with ketone-substituted catechols. 
Each series was measured in a particular solvent, i.e. tetrahydrofurane:methanol 
(1:1) and pure tetrahydrofurane (THF). In the mass spectra obtained immediately 
after mixing the two helicates (0 min), signals are observed exclusively for the two 
homodimers, while heterodimers are absent. While this is the same for both sol- 
vents, a first remarkable difference is found for the monomer signals (insets). 
While the monomers exchange ligands quickly in the presence of methanol (a sta- 
tistical 1:3:3:1 mixture of the Аз, A;B, АВ2, and Вз monomers is found), the ligand 
exchange among monomers is slow in pure THF (only the two Аз and Вз mono- 
mers are observed). This finding is easily explained by the presence of methanol, a 
protic solvent which mediates catecholate exchange by protonating the catechol 
and offering methoxy ligands for stabilizing intermediates in which a catechol dis- 
sociates from the metal centre. A look at the last spectra in each series shows that 
finally an almost statistical mixture of all possible dimers (Аб, AsB, А4В2, АзВз, 
АВА, ABs, Вс, some of which likely exist as mixtures of different positional iso- 
mers) is realized, although two very different reaction times are necessary depend- 
ing on the solvent mixture. 

Even more intriguing are the intermediate spectra. With these scenarios in 
mind, a look at the two series of spectra shows that no U-shaped distribution is 
generated in either of the solvent mixtures. Consequently, the exchange of individ- 
ual ligands between dimers or between dimers and monomers does not occur. 
This is quite understandable, since the Lit ions coordinate the ligands within the 
dimer and slow down the ligand exchange process within the dimers. In pure 
THF, at first, an intense signal for the A3B3 dimer is found, while it takes much 
longer to generate the A5B, А4В2, A;B4, and АВ; dimers. This can only be ex- 
plained with an exchange of complete monomers being faster than the exchange 
of individual ligands between monomers - in line with the observation that ligand 
exchange is slow for the monomer (see above). The latter reaction nevertheless oc- 
curs to some extent and finally gives rise to the statistical equilibrium mixture. In 
the presence of methanol, finally, ligand exchange proceeds via dissociation of the 
dimers into the monomers, a fast ligand exchange between monomers and reasso- 
ciation of the monomers to yield statistical mixtures of dimers. 

This example for mass-spectrometrically followed solution-phase reactivity 
clearly shows, how much information can be derived from some simple measure- 
ments. Qualitatively, it can be deduced which mechanisms contribute, which don't. 
Quantitatively, at least a ranking of the relative rates for the different processes is 
obtained. Finally, this example makes clear how large the influence of the solvent 
may be. The change of the mixture from pure THF to THF: methanol mixtures is 
not too drastical, but still, significant changes in reaction mechanism and rates are 
found. 


145 


146| 5 Mass Spectrometry and Gas Phase Chemistry of Supramolecules 


A3B3 A4B5 АзВз 





А284 





А485 
Bg 3 weeks 


300 min | | | | | | | 1135 min 
240 min | | | | | | 440 min 
120 min | | 
dis. 
60 min | | 
№ № ЧИ 


1450 А 1500 m/z 1450 


a) THF:MeOH = 1:1 b) THF 


1240 min 





120 min 


d 
| |. 


720 760 















0 min 





1500 m/z 


5.5 Selected Examples 


5.5.6 
Reactivity in the Gas Phase: Isolated Species instead of Dynamic Interconverting 
Complexes 


In this Section, two examples will be discussed which rely on IRMPD and CID ex- 
periments. It is important to keep in mind that ions in the gas phase are isolated 
particles, which do not undergo exchange processes among each other. Also, the 
neutral fragment formed upon dissociation does not come back; there is no equi- 
librium situation. This is the most important difference as compared to con- 
densed-phase studies. The experiments described here thus provide a completely 
new view on these supramolecules and add new mechanistic insight into their 
reactivity which cannot be gained in solution where the equilibria present are 
complex. 


5.5.61  Metallosupramolecular Squares: A Supramolecular Equivalent to Neighbor 
Group Assistance 

If 4,4’-bipyridine is mixed with (dppp)Pd(II) or (dppp)Pt(II) triflates (dppp = bis- 
(diphenylphosphine) propane), the two reactants spontaneously self-assembly [53] 
to the metallo-supramolecular square shown in Fig. 5.24, because the weakly coor- 
dinating counterions leave two coordination sites open at the metal complex. By 
virtue of the dppp ligand, the coordination angle of 90° is fixed. It is rather difficult 
to ionize these squares as intact but completely desolvated entities, but under the 


№ тей 
2 CFASO; 8 CF480$ 
M = Ра), РШ) 
+ № Ph 


Fig. 5.24. А self-assembling square of the Stang-type. 


< 





Fig. 5.23. Ligand exchange between two different dimers of 
titanium(IV) tris-ketochatecholates. Left: Exchange followed in a 1:1 
mixture of THF and methanol. Right: Exchange in pure THF. Insets in 
the bottom spectra: Monomer region showing fast ligand exchange 
between monomers in THF/MeOH and slow exchange in pure THF. 
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right conditions (low temperatures in the ion source, acetone as the solvent and a 
quite high 250-uM concentration), ionization is achieved through stripping away 
two or more counterions [54]. Since mass spectrometry measures the mass-to- 
charge (m/z) ratio of the ions under study, doubly-, triply-, quadruply- etc. charged 
species appear in the mass spectrum at half, a third, a quarter etc. of their real mo- 
lecular weight. Consequently, a doubly-charged square may be superimposed by a 
singly-charged 2:2 complex of bipyridine and metal corner. This is indeed observed 
and can be analyzed by a closer look at the isotope pattern, where singly-charged 
ions have peak spacings of Am/z — 1, while ions with n charges exhibit peak 
spacings of Am/z — 1/n. Consequently, tandem MS experiments can easily be per- 
formed with squares in their +3 and +5 charge states, because these ions cannot 
contain any contributions from fragments. 

If a tandem MS experiment is performed by carefully mass-selecting the triply- 
charged РП) squares and irradiation of the parent ion with the IR laser (IRMPD), 
fragmentation of the squares is easily achieved. Interestingly, a doubly-charged 3:3 
complex and a singly-charged 1:1 complex of corner and bipyridine are the primary 
products (Fig. 5.25). The complete absence of a doubly-charged 2:2 complex con- 
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Fig. 5.25. IRMPD experiment with mass-selected triply-charged 
squares (full circles). At increasing irradiation times (right), the 
intensity of the parent ion decreases. Primary fragments are marked 
with open circles. They correspond to a doubly-charged 3:3 complex 
and a singly-charged 1:1 complex. Splitting into two half squares is not 
observed. 
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Fig. 5.26. Complete analysis of the fragmentation mechanisms 
observed for the triply-charged РЕН) square. 


firms that no fragmentation into two half squares occurs, although the same num- 
ber of metal-nitrogen bonds need to be broken here. Instead, the singly-charged 
half square is a secondary fragmentation product formed from the 3:3 complex. 
These findings are summarized in Fig. 5.26. 

One may ask, why only one of the two alternative reactions occurs, although 
both require the cleavage of two M-N bonds and thus should be expected to be 
similar in energy demand. One explanation involves a rearattack mechanism. 
When irradiated by the IR laser, the ions' internal energy increases and finally, a 
first bond is opened. The result is a chain-like ion with a higher degree of confor- 
mational freedom. If the uncomplexed pyridine end of the chain attacks at the 
third metal centre (Fig. 5.27), cleavage of the second M-N bond benefits from the 
new M-N bond already forming during the reaction. Other conformations of 
the chain which would lead to two 2:2 fragments do not profit from a similar effect 
because that would cause too much strain. If this explanation holds true, two con- 
clusions can be drawn: (i) Although not detected in the solution equilibrium by 
NMR experiments, triangles can form. However, they require the particular condi- 
tions of the gas phase to survive and be detected. (ii) If triangles can form, the 
strain within the cyclic structure must be lower than the binding energy of a 
Pt-N bond. 

There is an alternative explanation for the experimental findings. Within a triply- 
charged square, charge repulsion must play a role. Upon fragmentation, the 
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Fig. 5.27. Through a rear-attack mechanism, fragmentation into 3:3 
and 1:1 complexes are energetically favored (top), while splitting into 
two half squares does not benefit from such a mechanism because of 
the strain imposed on the structure (bottom). The inset shows all 
possible cleavage sites a—g. Cleavage at position a is the only one 
which competes. 


charges are distributed over the two fragments. This must happen in a non- 
symmetrical way, generating one singly and one doubly-charged fragment. Conse- 
quently, one may claim that an unsymmetric cleavage would provide better stabili- 
zation of the charges, when two charges are located on the larger and one charge 
remains on the smaller fragment. In order to distinguish both possibilities, the 
same experiments were performed for different charge states and all the fragments 
involved [55]. Only two of them are necessary to provide further insight into the 
mechanistic problem: the quadruply-charged triangle and the quintuply-charged 
square. The triangle in its +4 charge state undergoes fragmentation into different 
channels, distributing the charges over the two fragments in different ways. In- 
stead, the fragmentation of the +5 square yields only two primary fragments: a 
singly-charged 1:1 complex and a 3:3 complex in its +4 charge state. Here, it would 
certainly be more favorable in terms of charge repulsion, if two charges would re- 
main on one fragment and three on the other. These considerations nicely show 
the specificity of the fragmentation of the squares in contrast to those of the 
quadruply-charged triangle and thus rule out an explanation based solely on charge 
repulsion effects. Instead, we conclude that the supramolecular analog of neighbor 
group assistance is operative in the fragmentation of the squares. 
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5.5.6.2 А Surprising Dendritic Effect: Switching Fragmentation Mechanisms 
Viologens are doubly-charged bipyridinium ions which form complexes with the 
molecular Klarner tweezer [56] shown in Fig. 5.28. Since the guest is a dication, 
the complexes can easily be transferred into the gas phase by ESI [57]. When one 
tries to ionize the guest cations alone, singly and doubly-charged clusters are ob- 
served with an appropriate amount of counterions balancing charge repulsion. 
There seems to be a stability trend for the naked dications. While under none of 
the tested ionization conditions, bare GO viologen has been observed and we thus 
assume that it — if not intrisically unstable — may exist only as a short-lived meta- 
stable ion, the G1 viologen could be observed under very mild ESI conditions, 
while it was no problem at all to generate bare G2 viologen dications. In marked 
contrast, addition of the tweezer destroys all clusters and tweezer-viologen com- 
plexes are observed even for GO as dications. Clearly, coordination by the tweezer 
stabilizes the dication and likely contributes to diminishing the charge repulsion 
effects through charge-transfer interactions. 
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Fig. 5.28. Dendritic viologens (G0-G2) and the Klarner tweezer which 
forms 1:1 complexes with the viologen guests. 
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Fig. 5.29. Possible pathways for the fragmentation of the tweezer— 
viologen complexes. Depending on the dendron size, the mechanism 
switches between G1 and G2 from the upper to the lower pathway. 


In a CID experiment with mass-selected tweezer-viologen dications, two possi- 
ble reaction pathways exist, since two rather weak bonds are present: the noncova- 
lent interactions between host and guest and the benzyl-nitrogen bond which 
upon cleavage generates a well-stabilized benzyl cation and suffers from charge re- 
pulsion. The supramolecular bond can be cleaved leading to the loss of the tweezer 
and formation of the bare dications. Based on the experience with the generation 
of these dications in the ESI source, one might expect that they undergo Coulomb 
expulsion to yield a singly-charged dendritic benzyl cation and a singly-charged 
bipyridinium cation bearing the second dendron (bottom pathway in Fig. 5.29). 
The alternative is initial cleavage of the weak benzyl-N bond producing a singly- 
charged dendritic benzyl cation. The tweezer may well have sufficient residual 
binding energy to the remaining bipyridinium monocation to remain present in 
the complex (upper pathway in Fig. 5.29). As a consecutive fragmentation, the 
tweezer may be lost, finally generating the same fragments as in the first pathway. 

The CID spectra in Fig. 5.30 provide evidence that the mechanism switches from 
the upper pathway (realized for GO and G1) to the bottom pathway (realized for 
G2) depending on the dendron size. In the CID spectrum of the tweezer complex 
with the GO viologen guest dication, a fragment is observed at m/z 1059. It appears 
above the parent because the parent is doubly-charged and actually appears at 
half of its real molecular weight. This fragment corresponds to the loss of one di- 
tert-butyl benzyl cation from the complex. The tweezer remains bound to the 
singly-charged bipyridinium cation. A so-called double resonance experiment pro- 
vides evidence that almost all of the bipyridinium cation at m/z 359 results from 
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Fig. 5.30. CID mass spectra of mass-selected, dicationic tweezer— 
viologen complexes (G0: top two rows, G1 third row, G2 bottom row). 
The second trace shows a double-resonance experiment, which is a 
CID experiment during which the fragment at m/z 1059 was constantly 
ejected. All consecutive fragments are thus not formed and can easily 
be identified. 
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consecutive fragmentation of the complex at m/z 1059. In this experiment, the 
CID experiment is repeated und the exact same conditions with the exception that 
the intermediate at m/z 1059 is constantly removed and thus cannot produce any 
subsequent fragmentation products anymore. The intensity of the fragment at m/z 
359 decreases significantly and thus identifies this ion as a product formed from 
the intermediate rather the parent. 

For the tweezer complex with the G1 viologen, the overall picture is the same. 
However, the complex with the G2 viologen guest behaves very differently. The 
benzyl loss intermediate is not formed at all. Instead, the tweezer is lost generating 
the bare G2 dication at m/z 1005 which can then undergo further fragmentation 
by benzyl cation loss. 

How can we understand this complete switch in mechanism which somehow 
parallels the stability differences of the bare dications encountered during the 
ionization? Molecular modeling suggests that the dendron arms can backfold to 
different extents. For G0, no backfolding is possible and the dication is not stabi- 
lized by internal solvation. For G1, the peripheral naphthalene groups can sur- 
round the dication and stabilize it through charge-transfer interactions. In the G2 
viologen, such an interaction is even possible with the much more electron-rich di- 
hydroxy benzyl branching units. Consequently, internal solvation stabilizes the di- 
cation with increasing dendron size. The tweezer competes with this interaction 
easily for the GO and G1 viologens. The benzyl-N bond is the weakest in the com- 
plex and breaks first. However, the G2 viologen can self-stabilize to such an extent 
that the dication is stable. The internal stabilization also strengthens the benzyl-N 
bond and at the same time weakens the interaction with the tweezer. The interac- 
tion between tweezer and guest is now the weakest bond and thus in the CID ex- 
periment, the tweezer is lost preferentially. 

This example shows gas-phase reactivity to be quite different from that in solu- 
tion. Such a clear-cut dendritic effect cannot be expected to be found in solution, 
because counterions are present which compensate charge repulsion and thus 
waive this effect more or less completely. In summary, mass spectrometry adds a 
completely new view of the reactivity of supramolecular complexes. 


39:7 
Determining Thermochemical Data: The Influence of the Environment 


5.5.7.1 Crown Ether — Alkali Complexes: Questioning the Best-fit Model 

A qualitative understanding of a special issue, e.g. binding of cations to crown 
ethers, can be obtained by comparing two systems that do not differ much in struc- 
tural and energetic features. Brodbelt et al. examined the binding attributes of 
alkali cations to crown ethers and their open-chained analogs with the so-called ki- 
netic method [58]. This method examines the fragmentation pattern of a complex 
that consists of two different multidentate ligands (crown ethers or open-chained 
analogs) С; and C; that are attached to a central metal cation M*. Collisional acti- 
vation causes the complex fragments to appear and the relative abundances of the 
ions C;M* and С;М* can then be used to determine relative binding energies. 


5.5 Selected Examples 


The results of these measurements are affinity ladders, in which a qualitative trend 
of binding affinities can be observed. Because of the temperature problem these 
values are only relative data and conversion into absolute data is not easily possible. 

Another method is the measurement of equilibrium constants that can be per- 
formed in a FT-ICR mass spectrometer [59]. One example is an examination of a 
complex C4M* consisting of crown ether C; and a metal cation M* that is reacted 
with a mixture of C, and a second neutral crown ether C; (both present with the 
same concentration) until the reaction has reached the equilibrium state. The in- 
tensity ratio of the two complexes C4M* and С›М* directly reflects the binding 
strengths of the crown ether to the metal cation. 

The binding of alkali metal cations to crown ethers follows the best-fit model 
in solution, i.e. the cation which has the appropriate size for binding inside the 
crowns cavity will bind with the highest affinity (e.g. Ма" in 15-crown-5, K* in 18- 
crown-6 etc.). Usually, these trends were observed for protic solvents such as meth- 
anol. In order to compare the binding energies in solution with gas phase data, 
Armentrout and his group collected a large number of gas-phase binding energies 
by threshold collision-induced fragmentation experiments. In Table 5.3, the gas- 
phase binding energies as determined by TCID experiments of monodentate dime- 
thylether (DME), bidentate dimethoxy ethane (DXE), 12-crown-4, 15-crown-5, and 


Tab.5.3. Binding energies (in eV) of crown ethers and simple 
analogues (DME — dimethyl ether, DXE — dimethoxy ethane) to alkali 
metal ions. Each value refers to the binding energy of one ligand (e.g. 
4 DME means the binding energy of the 4th DME ligand, when already 
three are present in the complex). For comparison, also the sums of 
the BDE's of two and four DME and two DXE ligands are given. All 
data taken from ref. [60]. 





Ligand Li* Na* K* Rb* Cs* 
1 DME 1.71 0.95 0.76 0.64 0.59 
2 DME 1.25 0.85 0.71 0.57 0.49 
3 DME 0.92 0.72 0.59 0.38 0.41 
4 DME 0.70 0.63 0.52 0.402 0.374 
1 DXE 2.50 1.64 1.23 0.97 0.59 
2 DXE 1.44 1.20 0.92 0.51 0.56 
12-crown-4 3.85 2.61 1.96 0.96 0.88 
15-crown-5 - 3.05 2.12 1.18 1.04 
18-crown-6 - 3.07 2.43 1.98 1.74 
1+2 DME 2.96 1.80 1.47 1.21 1.08 
3+4DME 1.62 1.35 LH 0.89 0.78 
1—4 DME 4.58 3.15 2.58 1.99 1.86 
1+2 DXE 3.94 2.84 2.15 1.48 1.15 








“estimated value. 
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18-crown-6 to the alkali metal cations M = Lit — Cs* are summarized [60]. In 
order to facilitate comparison, also the values for the sums of two DME, four 
DME, and two DXE ligands are included. 

Several clear trends emerge: (i) As expected, the first ether ligand bound to the 
metal exhibits a higher bond dissociation energy than the second and so forth. (ii) 
The binding energy of any ligand L in the ML,* complexes under study decreases 
from Li* to Cs*, probably because the charge on Li* is more concentrated and has 
better orbital overlap, since Li* and the oxygen donor are in the same row of the 
periodic table. This trend has also been observed in a study employing the infrared 
multiphoton dissociation (IRMPD) technique [61]. (iii) The binding energy in- 
creases from 12-crown-4 to 18-crown-6 for all metal ions (for Li* this trend still 
needs to be confirmed, since no binding energies have been reported for the 
Li*(15-crown-5) and Li*(18-crown-6) complexes so far). The number of oxygen do- 
nors in the crown ether is thus much more important than the geometric fit of the 
cation inside the cavity of the ligand. (iv) Nevertheless, geometric properties play a 
secondary role. The binding energy of 15-crown-5 to Na*, the preferred partner in 
solution, is the same as for 18-crown-6, although it bears only five instead of six 
oxygen donors. Seemingly, the better fit for 15-crown-5 compensates the additional 
binding energy from the sixth oxygen. The increase in binding energies from 15- 
crown-5 to 18-crown-6 is particularly drastic for КЊ“ and Cs*, while the difference 
is much smaller between the two smaller crowns. This would not be expected, if 
there were no size argument, since the binding energies for each additional donor 
atom use to decrease with increasing number. Seemingly, the number of donor 
sites in the crown and the geometric fit both contribute to the total binding energy. 
(v) Finally, the sum of the binding energies for two DME ligands is larger than 
that of one bidentate DXE ligand. The same applies, if four DME groups are com- 
pared to two DXEs, and in the series of the tetradentate complexes M(DME),*, 
M(DXE);*, and M*(12-crown-4), the crown ether always has the lowest total bind- 
ing energy. This trend can be rationalized by the entropic (and enthalpic) costs 
of forming five membered cyclic -M^-O-CH5-CH,;-O- subunits within the 
complexes. Conformations in the СН›СН» backbone cannot freely interconvert as 
they can in the free ligand after dissociation and the optimal staggered geometry is 
not easily feasible. While the O-C-C-O dihedral angle in free dimethoxyethane is 
74^, it is 48°, 55°, 59°, 61°, and 63° for Lit — Cs*, respectively. Of course, the 
crown ethers suffer most from this effect. 

The remaining question is why the "best fit" plays such a great role in polar sol- 
vents, while it is of minor importance in the gas phase. That brings us to the role 





of solvation, which can be analyzed based on these data. In methanol, for example, 
a crown ether competes with an appropriate number of solvent molecules for bind- 
ing to the alkali metal ion. The intrinsic binding energies from the gas phase pre- 
dict that the interaction with the solvent is somewhat, but probably not too much 
higher than that of the crown ether. However, two other effects come into play 
in solution: entropy and geometric fit. It is less favorable, for example, to bring to- 
gether one Li* ion and four methanol molecules than to form a complex from just 


5.6 Conclusions 


two components, Li* and 12-crown-6. This entropic effect is more or less the same 
for any alkali metal ion, independent of its size. Consequently, the geometric fit 
finally determines which ion binds best. In the gas phase however, there is no 
methanol replacement ligand competing with the crown. Consequently, the bind- 
ing energies are governed by the number of oxygen donors, because there is no 
balanced interplay with the solvent. The entropy effects may play a role during 
ion formation, but once mass-selected, the reaction is always the same: loss of 
one ligand producing two particles from one, leveling out the entropy. Finally, geo- 
metric fit cannot overcompensate the binding energies determined by the number 
of donor atoms and thus only contributes a minor fraction of the binding energy. 
In conclusion, the major achievement resulting from the gas-phase data is a much 
more profound understanding of the role of solvation in cation binding by crown 
ethers. 


5.5.7.2 BIRD: Arrhenius Kinetics of Oligonucleotide Strand Separation in the Gas 
Phase 

The BIRD approach has been utilized to decide the question whether short oligo- 
nucleotide double strands still have a Watson—Crick base-paired structure. Schnier 
et al. [62] argued that one could conclude the Watson-Crick base pairing to be 
conserved in the gas phase, if the gas-phase barriers follow linearly the same trend 
as the melting enthalpies determined with UV methods in solution. The triply- 
charged double strands examined had four, six or seven base pairs and reveal fea- 
tures expected for a correct pairing pattern. A higher number of hydrogen bonds 
which relates to a higher G:C content leads to a higher activation energy. For 
example, palindromic (TGCA)??- has an activation barrier of 1.41 eV, while the 
(CCGG),3~ double strand undergoes separation when a barrier of 1.51 eV can be 
surmounted. Also, mismatched complexes (A7-A7?-: 1.26 eV; T7-T7?-: 1.40 eV) 
melt at lower activation barriers than matched ones (A;-T7?-: 1.68 eV). When the 
gas-phase activation energy is plotted against melting enthalpies from solution, a 
nearly linear relationship is found. All these findings provide evidence for intact 
Watson-Crick base pairing in the gas phase. Molecular dynamics calculations 
agree with this conclusion as far as the hydrogen bonding is concerned. However, 
the effects of the three unsolvated negative charges on the backbone phosphates 
become clearly visible in the molecular dynamics simulation after ca. 100 fs. The 
double helix starts to disrupt. After ca. 400 fs, the helical structure is completely 
converted into a globular complex with maximized charge-charge distances, but 
still intact hydrogen bonding pattern. 


5.6 
Conclusions 


The utility of mass spectrometry for supramolecular chemistry is quite often dra- 
matically underestimated. The examples selected here hopefully make clear how 
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far a detailed mass spectrometric analysis can go and how broad the spectrum of 
chemical problems is which can be addressed with this method. Nowadays, many 
researchers in supramolecular chemistry do not go beyond analytical characteriza- 
tion. Several reasons may exist: one of them certainly is the lack of easy access to 
the appropriate, admittedly costly equipment. Beyond analytics, mass spectrometry 
proves to provide structural evidence, which is often complementary to that com- 
ing from other methods. In part, this evidence overlaps and thus mass spectrome- 
try is able to support other methods; in part, mass spectrometry adds new data on 
structure. The self-assembling hydrogen-bonded capsules represent an example 
nicely illustrating this: mass spectrometry provides evidence for a capsular struc- 
ture in solution with the guest being located in the capsules cavity. This can easily 
be determined by NMR methods. However, several examples exist, where the for- 
mation of heterodimers or heterotetramers cannot be observed by NMR, because 
the monomers are too similar. In these cases, the hetero- and homocapsules differ 
in mass and thus the formation of heterocapsules is easily followed by mass spec- 
trometry. The questions of structure determination even extend to subtle structural 
features such as stereochemical issues, gas-phase conformations, and the question 
whether a complex has a zwitterionic nature. 

Mass spectrometers can also act as detectors for the dynamic processes going on 
in solution. Although the time frame is somewhat limited when fast processes are 
concerned, ligand exchange processes can be analyzed in terms of the details of 
the exchange mechanisms. As exemplarily shown by the noncovalent helicates dis- 
cussed above, even the mechanistic differences induced by changes of the environ- 
ment can be analyzed by mass spectrometry. However, the dynamic processes can 
be suppressed by examining the reactivity of supramolecular compounds in the 
gas phase, where the environment is absent and thus no reaction partners which 
may mediate dynamic processes are available. Here, supramolecular complexes 
reveal a completely different reactivity. For example, the metallosupramolecular 
squares fragment through a neighbor group assistance mechanism. The mecha- 
nistic change in the decomposition of the dendrimer host-guest complexes dis- 
cussed above can only be analyzed in the gas phase, because of the presence of 
counterions in solution which stabilize the dications so that the solution-phase 
complexes are all well behaved. The major conclusion from this chapter is that 
the examination of reactions comes into reach in the gas phase, which are hard or 
impossible to analyze in solution. Consequently, mass spectrometry broadens our 
view on supramolecular reactivity and environment effects. 

Finally, the role of solvation can be investigated by comparing thermochemical 
data from solution with that obtained from gas phase experiments. While crown 
ethers were believed to form those alkali cation complexes which have the best fit, 
gas phase studies tell us that this is true only when the environment allows for 
that. The second example of oligonucleotide double strands demonstrates convinc- 
ingly that the Watson-Crick base pairing is conserved in the gas phase, but that 
charge repulsion effects and the missing hydrophobic effect cause the double helix 
structure to collapse. These studies lead to a much more profound understanding 
of the fundamental principles in supramolecular chemistry. 
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6 
Diffusion NMR in Supramolecular Chemistry 


Yoram Cohen, Liat Avram, Tamar Evan-Salem and Limor Frish 


6.1 
Introduction 


Several different analytical methods are needed to determine the structure and dy- 
namics and to map the intermolecular interactions that prevail in supramolecular 
systems in solution [1]. NMR is one of the most powerful of these methods [14-е]. 
The conventional NMR parameters that are used to characterize the structure and 
dynamics of supramolecular systems in solution are chemical shifts, spin-spin 
coupling, relaxation times, NOEs (Nuclear Overhauser Effect) and the correlation 
thereof. We shall demonstrate that the diffusion coefficient, which is currently 
underused, should be added to this arsenal of NMR parameters when characteriz- 
ing supramolecular systems in solution. 

Despite the fact that it was realized quite early that molecular diffusion can be 
measured by NMR methods [2], the most practical pulse sequence for measuring 
diffusion with NMR was introduced by Stejskal and Tanner only in 1965 [3a]. Since 
then, and until the 1990s, there was a steady increase in the use of diffusion NMR. 
However, this increase was relatively limited since the required hardware and soft- 
ware were not available on commercial NMR spectrometers [3b-c]. Since the be- 
ginning of the 1990s we have witnessed a dramatic increase in the use of gra- 
dients in all areas of NMR [4]. In the mid-1990s, with the advent of high-resolution 
gradient-enhanced spectroscopy [4, 5] and the improvement in gradient perfor- 
mance, such gradient sets became conventional accessories of standard high- 
resolution NMR spectrometers. These gradient-containing high-resolution probes 
enable simultaneous determination of the diffusion coefficients for the entire sets 
of peaks in a high-resolution spectrum NMR with high sensitivity and accuracy. 
Indeed, in the last decade there has been an increase in the use of diffusion NMR 
in many fields [6], however, this technique is, in our opinion, still underused by 
supramolecular chemists — a situation that may change in the near future. 

In the present chapter, after a brief description of the notion of diffusion and the 
basics of diffusion NMR, we briefly survey a few technical issues concerning diffu- 
sion NMR. Readers interested in more detailed descriptions of the theory of diffu- 
sion NMR can consult the many excellent reviews published in recent years [5—7]. 
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We shall then describe selected applications of diffusion NMR that will form the 
main body of the present chapter. Thereafter, we shall provide a brief discussion 
on limitations of diffusion NMR and the effect of chemical exchange on diffusion 
NMR. We conclude with a short summary and outlook. 


6.2 
Concepts of Molecular Diffusion 


Self-diffusion is the random translational motion of ensembles of particles (mole- 
cules or ions) originating from their thermal energy. It is well known that diffu- 
sion, which is closely related to the molecular size of the diffusing species, is given 
by the Einstein-Smoluchowski equation, Eq. (6.1) [8]: 


D-kVT/f (6.1) 


where ky, T and f are the Boltzmann constant, the absolute temperature and the 
so-called hydrodynamic frictional coefficient, respectively. For a hard sphere in a 
continuous medium of viscosity 7, f is given by the Stokes’ equation; 


f = бт (6.2) 


In Eq. (6.2), r, is the hydrodynamic radius, often called the Stokes' radius. Com- 
bining equations (6.1) and (6.2) leads to the familiar Stokes—Einstein equation, Eq. 
(6.3), which implies that the hydrodynamic radius of a molecular species can be 
extracted from NMR diffusion measurements [9]. 


D=kyT/6nnr, (6.3) 


It should be noted, however, that for molecular species of geometries other than 
spheres, different approximations are needed to describe the hydrodynamic fric- 
tional coefficient, f [8]. Since there is a relationship between r, and the effective 
molecular size and shape of the molecular species, it is clear that diffusion coefh- 
cients are sensitive to the structural properties and aggregation modes of these spe- 
cies. Therefore, the diffusion coefficient can be used to probe binding phenomena 
and intermolecular interactions [10, 11]. 


6.3 
Measuring Diffusion with NMR 


6.3.1 
The Basic Pulse Sequence 


The basis for diffusion measurements is the fact that magnetic field gradients can 
be used to indirectly label the position of spins through their Larmor frequency 
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(c9). This is done by applying an external linear gradient of the magnetic field (G), 
which is described by: 


OBz; 0В2. OBz; 
= + 


G 
Ox | ду J Oz 





(6.4) 


where i, j and k are the unit vectors in the x, y and z directions, respectively. Thus, 
the total external magnetic field at position г ( B(r)) is given by: 


B(r) = Bo+G-r (6.5) 


where Bo is the external static magnetic field. Under these conditions, the effective 
Larmor frequency, (œ(r)), depends on the spatial position as shown in Eq. (6.6) 


@(г) = yB(r) (6.6) 


where y is the gyromagnetic ratio. If the linear gradient G is applied over a defined 
time period, д, the acquired phase angle depends linearly on B(r). Under these 
conditions, assuming that only a 2 gradient is applied (С,), the acquired phase 
shift is position dependent and is given by a phase angle of: 


Ф(2) = —уВ(2)8 (6.7) 


From the above, it is clear that the magnetic field gradient can be used to label 
the position of the spins. The most common NMR pulse sequence for measuring 
diffusion is the pulsed gradient spin echo (PGSE) sequence [3a], which is a modi- 
fication of the Hahn spin-echo pulse sequence [2]. In this sequence, two identical 
gradient pulses are inserted, one into each т period of the spin echo sequence (Fig. 
6.1) [7a]. The PGSE sequence and a schematic representation of its effect on the 
magnetization of an ensemble of spins are shown in Fig. 6.1. At the beginning of 
the experiment, the net magnetization is oriented along the z-axis, meaning that 
the spins are in thermal equilibrium. Then, a 90° rf pulse is applied, tipping the 
magnetization to the x-y plane. At a time point tı, a pulse gradient, the duration 
and magnitude of which are 6 and G, respectively, is applied. As a result, at the end 
of the first т period, just before the 180° rf pulse, each spin experiences a phase 
shift according to Eq. (6.8): 


+8 
@i(t) = уВот + ја | zi(t) dt (6.8) 


ty 


In Eq. (6.8) the first term is the phase shift due to the static magnetic field and 
the second term is the phase shift due to the magnetic gradient pulse applied 
along the z-direction. The next step is applying a 180° rf pulse, which inverts the 
sign of the precession and the phase as depicted in Fig. 6.1. At time tı + A a sec- 
ond identical pulse gradient is applied which cancels out the induced phase shifts, 
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Fig. 6.1. (a) The PGSE pulse sequence [3a] and the effect of the 
absence (b) and presence (c) of diffusion on the phase shift and signal 
intensity in a PGSE experiment, and (d) the stimulated-echo (STE) 
diffusion sequence [12]. In the STE diffusion sequence shown in (d) the 
spoiling gradient (G;) is optional. (Adapted with permission from ref. 
[10]. Copyright 2005 Wiley-VCH.) 
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as shown in Fig. 6.1b. However, it should be noted that this description is adequate 
for spins which do not undergo any translational motion along the z-direction, i.e. 
there is no diffusion during the A time interval. In this situation, an echo of maxi- 
mal intensity is obtained. In the presence of diffusion (Fig. 6.1c), however, the 
phase shift of each spin due to the first and the second т periods is different in 
magnitude. This occurs since, in the presence of diffusion, each species is located 
at a different position along the z-axis at times tı and tı + A and hence each spe- 
cies is situated in a different magnetic field, meaning that its Larmor frequencies 
(w(r)) at the two time points are different. Thus, in the presence of diffusion, the 
second gradient pulse is not able to completely refocus the magnetization. One im- 
portant advantage of the PGSE experiment is that if the experiment is preformed 
while keeping т constant, it is possible to separate the T; relaxation and the diffu- 
sion contributions. Hence, after normalizing out the attenuation due to Т, relax- 
ation, only the attenuation due the diffusion remains. Stejskal and Tanner [3a] 
showed that, for a single free diffusing component, the signal intensity is given, 
in the case of rectangular pulse gradients, by 


2t 
Тог с) = Цо,о) exp (=) exp(—y”G76*(A — 5/3)D) 





= Іо, о) exp( 7^ 628 (А — 5/3) D) (6.9) 
Hence: 
lo. 
n( 2 3) = —y1 G?8?(A — 6/3)D = —bD (6.10) 
(27,0) 


where До о), 12,0, and [ог с) are the signal intensity immediately after the first 
90° rf pulse and after 2: in the absence and presence of gradient pulses, respec- 
tively, G is the pulsed gradient strength, A and 6 are the time separation between 
the pulsed gradients and their duration, respectively (Fig. 6.1), and D is the diffu- 
sion coefficient. The product у? С20? (А — 6/3) is often abbreviated as the b value 
and represents the diffusing weighting. Thus, for an isotropic solution, a plot of 
In(I(az,c)/I(2z,0)) vs. b should give a straight line, the slope of which is equal to 
— D. In principle, any of the parameters, д, A and С, can be varied to affect signal 
attenuation and hence measure D. However, technical factors and the relaxation 
characteristics of the sample may limit our choice. The term (A — 9/3) is generally 
referred to as the diffusion time [3b]. 

Figure 6.2 shows the experimental signal decay, shown as a stackplot, for a PGSE 
experiment, in which the magnetic field gradient strength was incremented from 0 
to approximately 30 G ст“! in ten steps while б and A were kept constant, for mol- 
ecules diffusing with diffusion coefficients of 1.81 x 10-5 and 0.33 x 10? cm? s71, 
respectively along with the normalized signal decays (In(1(. с) /1(.,0))) as a func- 
tion of the diffusion weighting (b values). It should be noted that (12; с) / 10. 0)) 
is generally abbreviated as In(I/1o). 
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Fig. 6.2. Signal decays for a compound having diffusion coefficients 
of (a) D = 1.81 x 10? cm? $1, (b) D = 0.33 x 10? cm? s^, and 
(c) the corresponding graphical analysis of the data in (a) and (b). 
(Reproduced with permission from ref. [10]. Copyright 2005 Wiley- 
VCH.) 


6.3.2 
The Stimulated Echo (STE) Diffusion Sequence 


The stimulated echo (STE) diffusion pulse sequence is depicted in Fig. 6.1d [12]. 
The signal intensity of the STE diffusion experiment, for rectangular pulse gra- 
dients, is given by Eq. (6.11), 


—2t Ti 
lamao = Пво/2) е] (225) = (1%) | emiten - ojo 





= Пума о) exp( 3) G?9*(A — 0/3) D) (6.11) 


From Eq. (6.11) it is clear that, again, we can separate the effects of relaxation 
and diffusion on the signal decay. In this sequence, signal decay, during the mix- 
ing time (Тм), depends оп T;-relaxation. T;-relaxation is operative only during 27, 
thus allowing us to increase the diffusion time and hence the diffusion weighting 
without increasing t. Therefore, the main advantage of the STE diffusion sequence 
over the PGSE sequence is that the STE diffusion sequence is more suitable for 
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obtaining diffusion spectra of systems characterized by short T2. This is an advan- 
tage since, in many systems, T; is significantly longer than T}. The STE diffusion 
sequence allows the increase of the diffusion weighting by "paying" in T; and not 
Т, relaxation time. Longer diffusion times are generally required for measuring low 
diffusion coefficients and in situations where the diffusion coefficients may be de- 
pendent on the diffusion times. The main disadvantage of STE-based sequences 
versus spin echo-based sequences is the loss of a factor of two in the echo intensity. 
However, for Ty = 27, the STE/SE signal ratio is about 5 when T; = 5T». For 
Тм = 81, for example, this ratio is more than 10 when T, = 5T». It should be noted 
that the equations shown above describe the case of single quantum transition 
where the coherence order p is 1. For multi-quantum transitions of coherence p, 
the signal decay due to diffusion in Eqs. (6.9)-(6.11) should be multiplied by р. 


6.3.3 
Technical Issues in Diffusion NMR 


The gradient system used is the most important hardware component for diffusion 
NMR [7]. First, one has to determine its strength and quality. The determination 
of the gradient strength can, in principle, be obtained by simply measuring the 
one-dimensional profile of a sample with known dimensions. However, the most 
practical approach is to measure the diffusion coefficients of several solvents for 
which the self-diffusion coefficients are well known. It is recommended to mea- 
sure three different solvents which have different diffusion coefficients. The diffu- 
sion coefficient of each solvent should be measured with several combinations of 
parameters (echo time, diffusion time and gradient length) and the normalized 
signal, ie. 1/1, should decay to about 1096 of its original value. This will allow 
determining the actual strength of the pulsed gradient produced by the specific 
gradient system. 

The most important issue affecting the accuracy of NMR diffusion measure- 
ments is the quality of the gradient pulses generated by the gradient system. In 
this context, the most serious problem is the eddy currents generated as a result 
of the pulse gradients. Eddy currents result from the rapid changes in pulse 
gradients and are proportional to their strength and the rising and falling times of 
the gradient pulses, i.e. dG/dt. The magnetic field associated with these eddy cur- 
rents can interfere with the main magnetic field applied. If such a magnetic field 
expands to the second т period of the PGSE experiment, for example, there will be 
a residual phase shift, even for spins which do not undergo any motion and wig- 
gles will be observed in the spectra. One method to minimize eddy currents is to 
use shielded gradient coils. In fact, most modern gradient systems do use active 
shielded gradient coils. This reduces the eddy currents considerably, to about 196 
of their original values [14]. Nevertheless, for acquiring high quality diffusion 
NMR data, particularly for systems characterized by short T, and low diffusion co- 
efficients, one needs to reduce the eddy currents even further. 

A quick evaluation of the performance of the gradient system in use can be ob- 
tained using the pulse gradient shown in Fig. 6.3a. This sequence is, in fact, the 
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Gradient coil 
b input 
[C] 
desired 
input 


using pre-emphasis 


[C] 
pre- _— + 
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Fig. 6.3. (а) The pulse sequence used to evaluate gradient 
performance and for pre-emphasis. (b) The principle of pre-emphasis. 


sequence used for pre-emphasis of the gradient systems. The logic behind it is 
quite simple. Here, one has to use a gradient pulse, which is stronger and longer 
than the maximal gradient pulses generally used. In the first experiment, a very 
long tı of about 1 s should be used where eddy currents should have no effect on 
the signal. Then, the phase of the obtained signal is corrected and followed in sub- 
sequent experiments in which t, is shortened. The aim of the experiment is to de- 
termine the minimal t, for which there is no effect on the phase and intensity of 
the observed signal. High quality gradient systems show no effect on the signal for 
tıs in the order of several us when typical gradient pulses of about 30 С ст“! of 
several ms length are used. This pulse sequence can also be used to pre-emphasize 
the gradient coils. The principle of the pre-emphasis procedure is shown in Fig. 
6.3b. Input of an ideal waveform into the gradient coil does not result in such an 
ideal gradient shape, because of the generation of eddy currents. Therefore, small 
extra corrections, which overdrive the leading and tailing edges of the gradients, 
are used to partially compensate for this effect. Although pre-emphasis further im- 
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proves the performance of the gradient systems, there is sometime a need for more 
advanced pulse sequences which were devised to even further reduce eddy current 
effects. Two such sequences are the longitudinal eddy current delay (LED) se- 
quence [15a] and the bi-polar LED (BPLED) sequence [15b] which will be described 
in the Section 6.3.4 after we briefly discuss the effect of temperature gradients and 
convection on diffusion NMR. 

NMR diffusion experiments are sensitive to temperature instability and temper- 
ature gradients which in turn may induce convection in the sample. Temperature 
gradients along the z-direction (in probes equipped with a single gradient coil, the 
gradient is generally along the z-direction) are likely to occur since temperature 
regulation in NMR probes is generally achieved by flowing gas through the probe. 
The flow and temperature are regulated by a remote feedback detector and heater. 
Convection is a flow phenomenon and therefore should produce a coherent phase 
shift. Since the resulting convections have a distribution of velocities, the result is 
often a reduction in signal intensity. Convection artifacts are more apparent when 
longer diffusion times are used and in general they are much more severe when 
diffusion is measured in low viscosity solvents, such as most of the common or- 
ganic solvents. There are several possibilities to alleviate the problem. First, one 
can use shorter samples but this implies more difficult shimming and smaller 
signal-to-noise ratios. Another simple alternative, which from experience works 
quite well, is the use of a thermally isolated sample. Indeed it is recommended to 
perform our NMR diffusion measurements in 4-mm NMR tubes inserted in a 
5-mm NMR tube. Therefore, NMR diffusion measurements should be attempted 
only after the probe has reached thermal equilibrium. If, after all these precautions, 
convection artifacts are still apparent, one can always turn to flow-compensated 
sequences such as the double stimulated echo sequence introduced by Jerschow 
and Müller [16]. 


6.3.4 
The LED and BPLED Sequences 


One of the best alternatives to reduce the effects of eddy currents in NMR diffusion 
measurements is to use the LED and the BPLED sequences shown in Figs. 6.4a 
and 6.4b, respectively. From Fig. 6.4a, it is clear that the difference between the 
LED sequence and the STE diffusion sequence is the addition of two 90? pulses 
separated by a delay (t.) at the end of the STE diffusion sequence. As a result of 
the fourth 90? rf pulse, the magnetization is again stored in the longitudinal direc- 
tion while the eddy currents can decay during an eddy current settling period, te. 
Then, the fifth 90° rf pulse rotates the magnetization into the х-у plane where it 
can be detected. 

The BPLED sequence shown in Fig. 6.4b is a modification of the LED sequence 
shown in Fig. 6.4a. In this sequence, each gradient pulse (G), which has a duration 
of ô is replaced in the LED sequence by two pulses of different polarity (С and —G) 
separated by a 180? rf pulse with a duration of 9/2. The G-180-(—G) sequence 
causes the eddy currents to be cancelled out, while the diffusion gradients accumu- 
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Fig. 6.4. (a) The LED pulse sequence [15a], and (b) the bi-polar-LED 
(BPLED) pulse sequence [15b]. 


late. There, there are two main advantages to using the BPLED over the LED exper- 
iment. First, eddy currents are reduced to a minimum, and secondly, the effective 
gradient output is doubled, making it more suitable for measuring diffusion in 
systems characterized by slow diffusion. It should be noted that the BPLED se- 
quence is in fact much less sensitive to the background gradient, however this is 
less of a problem when diffusion NMR is applied to homogenous solutions in 
high-resolution probes. 

The four sequences shown in Figs. 6.1 and 6.4 are by far the most important and 
widespread pulse sequences for measuring diffusion in solution. The sequences 
shown in Fig. 6.4 are the ones generally used in diffusion ordered spectroscopy 
(DOSY, see below and ref. [17]) and are less prone to eddy current artifacts. How- 
ever, to decrease the sensitivity of all these sequences to eddy currents even further, 
one can use them with shaped gradient pulses as opposed to rectangular gradient 
pulses. Since the induction of eddy currents is proportional to dG/dt, the rise and 
fall times of the gradient pulses, it is recommended to use shaped pulsed gra- 
dients. The most popular shaped gradient pulses are the sine-shaped ones, for 
which the gradient effect is scaled-down by a factor of 2/л. Here, the effective 
diffusion time is (A — 9/4), and not (А — 6/3) as in the case of rectangular pulse 
gradients. However, since in most diffusion NMR experiments A > б, this has 
only a minor effect. Readers who are interested in more technical issues including 
those related to diffusion hardware, are encouraged to consults several of the 
reviews that have been published in recent years [5-7]. 
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6.3.5 
DOSY - Diffusion Ordered Spectroscopy 


One of the most important developments in the field of diffusion NMR in the last 
decade seems to be the introduction of diffusion-ordered spectroscopy (DOSY) by 
Johnson Jr. [15, 17]. DOSY would appear to be one of the main reasons for the 
recent increase in popularity of diffusion NMR among non-expert users. This 
method uses the inverse Laplace transform (ILT), and provides a 2-D-map (like 
those in 2-D NMR) in which one axis is the chemical shift while the other is that 
of the diffusion coefficient. Figure 6.5 shows a simulated DOSY spectrum of four 
components having different diffusion coefficients. 

The basic idea behind the DOSY concept is similar to the one behind multidi- 
mensional NMR. In 2-D NMR, a modulation in the phase or signal intensity with 
respect to a known time increment is recovered by inverse FT. In a DOSY experi- 
ment, the diffusion coefficient is recovered from the signal decay as a function of a 
diffusion increment by an ILT. In fact, the approximate ILT of the signal amplitude 
with respect 10 42, where q is defined as ygóf (t), yields the second dimension of the 
spectrum which correlates the chemical shift with the diffusion coefficient. There- 
fore, it was termed diffusion ordered spectroscopy (DOSY). However, unlike the FT 
of the time domain signal that yields a unique solution, ILT does not yield a unique 
solution. Therefore, several software packages were developed to overcome this 
problem. Readers interested in more details concerning the DOSY techniques can 
consult a recent extensive review on the subject [17]. 

One of the most important features of DOSY is its ability to separate signals of 
compounds within a mixture, based on their diffusion coefficients which, in fact, 
reflect their size and shape, thus providing a means for “virtual separation". Here, 
the information is spread over the entire plan thus also simplifying peaks assign- 
ment. However, it was commented that for separating peaks of different com- 
pounds, which happen to have the same chemical shift, a large difference in the 
diffusion coefficients (a ratio of about 3) is needed for DOSY to provide the accu- 
rate numbers. An important fact to remember is that diffusion sequences, in fact, 
act as filters and can therefore be imbedded or coupled to nearly any NMR se- 
quence, including most of the multidimensional NMR sequences. 

In 3-D-DOSY experiments, a diffusion dimension is added to the conventional 
2-D experiment. The 2-D NMR spectrum spreads the NMR signals of the same 
species over an entire 2-D plane, while the spreading of the different species on a 





Fig. 6.5. (a) A schematic representation of a 2-D-DOSY spectrum 
showing four different species characterized by four different diffusion 
coefficients, (b) the DOSY-COSY pulse sequence [18a] and (c) a 
schematic representation of 3D-DOSY data obtained from a pulse 
sequence such as the one shown in (b). (Reproduced with permission 
from ref. [10]. Copyright 2005 Wiley-VCH.) 
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third axis is performed using their diffusion coefficients. Figure 6.5b shows the 
DOSY-COSY pulse sequence along with the results expected from such an experi- 
ment [18a]. This specific pulse sequence is obtained by linking the BPLED prepa- 
ration sequence with a COSY sequence, where at the end of the eddy currents de- 
lay, te, the fifth rf pulse which rotates the magnetization to the xy detection plane 
also serves as the first pulse of the COSY sequence. The results of such an experi- 
ment are shown in Fig. 6.5c. This figure, showing a schematic representation of 
the results of a 3-D-DOSY-COSY sequence, also depicts the ability of this sequence 
to "virtually separate" different components. The various compounds are spectro- 
scopically separated according to their different diffusion coefficients. Thus, one 
can find in each plane, at different altitudes on the diffusion axis of the cube, the 
2-D spectrum of a different species. Figure 6.5c shows two schematic COSY spectra 
of two compounds which differ in their diffusion coefficients. Other 3-D-DOSY 
pulse sequences were subsequently designed using the same rationale [18]. How- 
ever, the main disadvantage of 3-D-DOSY sequences, in general, is the fact that 
their collection is time consuming. For a more comprehensive discussion of 
DOSY, readers are encouraged to consult the recent review of Johnson Jr. on the 
topic [17]. 


6.4 
Applications of Diffusion NMR in Supramolecular Chemistry: Selected Examples 


To motivate the reader, inexperienced with diffusion NMR, to use these techniques 
to study supramolecular systems, we chose to provide selected examples which em- 
phasize the questions and the type of information that can be obtained from such 
NMR diffusion measurements. 


6.4.1 
Binding and Association Constants 


Diffusion NMR can be very useful in determining association constants in many 
supramolecular systems [10, 19]. Association constants, Ка, are an important mea- 
sure of the strength of intermolecular interactions in supramolecular systems. In- 
deed, since the early days of supramolecular chemistry, a huge number of such 
constants were reported using several different analytical methods [20]. Despite 
the fact that NMR had become an important tool for studying association constants 
and the fact that the possibility of using diffusion NMR for the determination of 
association constants was proposed decades ago [21], the first relatively isolated 
example of such an application on a host-guest was only reported in 1983 [22]. 
During the 1990s, scattered studies were reported in which diffusion NMR was 
used to determine association constants. However, even currently, this parameter 
is still underused relative to studies based on NMR chemical shifts. This is despite 
the fact that there are cases and systems in which the diffusion coefficient is a 
superior parameter to chemical shifts for determining association constants. Even 
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when diffusion NMR provides the same information as conventional NMR chemi- 
cal shift titrations, it is important to attempt to use it, since it is rewarding to 
obtain similar results from two independent parameters using the same experi- 
mental set-up which are obtained under strictly the same experimental conditions, 
like concentration for example. 

NMR diffusion coefficients, being an NMR observable, can be used in a very 
similar way as chemical shifts to determine the stoichiometry of the complexes 
and their association constants. For a simple 1:1 host-guest complex, for example, 
in the case of slow exchange, on the NMR time scale, the association constant can 
be determined by simple integration of the peaks of a solution of known concen- 
trations. In these cases, NMR diffusion measurements can only indicate the forma- 
tion of the complex, but cannot provide the K, values. However, in the case of fast 
exchange, the values of the association constants can be extracted using diffusion 
NMR by first calculating the bound fraction. 

The rationale behind the extraction of the bound fraction from NMR diffusion 
measurements is simple [10, 21-23]. The host and guest have their own diffusion 
coefficients in the free unbound states that are a reflection of their effective molec- 
ular weights and shapes. However, when a strong complex is formed, the complex 
components diffuse as a single molecular entity and should have the same diffu- 
sion coefficient. In the case of no interaction, the diffusion coefficients of the host 
and guest will remain as they were in their free states. For any other case, assum- 
ing fast exchange оп the NMR timescale, the observed diffusion coefficient ( Dj.) 
should be a weighted average of the free and bound diffusion coefficients (Пре 
and Dpouna, respectively) and can therefore be used to calculate the bound fraction, 
(X), in the same way that chemical shifts are used for this purpose as shown in Eq. 
(6.12), 


Роз = XD bound + (1 = X) Déree (6.12) 


Therefore, in principle, the same methodologies used to obtain K,s from 
changes in chemical shift titration experiments [10, 19] can be used to obtain asso- 
ciation constants from diffusion NMR. The main advantage of using diffusion 
NMR here is that, in many cases, a complete titration to find Dpouna for the guest 
is not a necessity. This is true in cases where there is a large difference between the 
molecular weight of the host and the guest. In such cases, one can, a priori, predict 
that Dpouna of the guest will be very similar to Dgee of the much larger host [23, 
10]. In principle, the determination of association constants using NMR diffusion 
measurements has the inherent advantages and limitations associated with an 
NMR-based method [10, 19, 23]. Consequently, this method is less prone to mis- 
interpretation resulting from minor impurities than techniques based on other 
spectroscopic methods. However, diffusion NMR is only suitable for measuring, 
in a direct way, association constants in the range of 10-10? M^!. An important 
advantage of using diffusion NMR to extract association constants, as compared 
with NMR chemical shift titrations for example, is the elimination of one of the 
main possible sources of error in such techniques, namely confusing acid—base 
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Fig. 6.6. Schematic representation of the formation of the y- 
CD:macrocycle complexes along with representative molecular weight 
(Mw) and respective diffusion coefficients (D). More numerical values 
can be found in Table 6.1 [25a]. 


chemistry, i.e., chemical shift changes originating from proton transfer, with bind- 
ing processes [23]. This is because proton transfer, which generally affects chemi- 
cal shifts, has only a marginal effect on the measured diffusion coefficient. This 
enables easy extraction of the association constant between methyl ammonium 
chloride (1) and [2.2.2]cryptand (2), where partial protonation of 2 occurred [23] 
(Fig. 6.6a). As the diffusion coefficient of a certain molecular species depends on 
its effective molecular size, which changes with any intermolecular interactions, 
diffusion NMR is the only method in which the value expected for the bound 
guest, in a host-guest system, can be predicted, a priori, thus reducing the need 
for a complete titration to find this value. The main limitation of the diffusion co- 
efficient as a parameter for the determination of K, is in systems where the inter- 
acting species happen to have a similar diffusion coefficient in their free states. In 
such systems, the method is much less sensitive or even impractical. 
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In multicomponent systems, diffusion NMR may be an even more attractive al- 
ternative for probing complexation and calculating association constants. Such sys- 
tems may be systems in which the guest itself can be used as a host for yet another 
guest. A system of this kind, which was originally described by Vógtle and Müller 
[24], was recently studied in solutions by diffusion NMR [25]. There, the complex- 
ation of 12-crown-4 (3), cyclen (4) and 1,4,7,10-tetrathiacyclododecane (5) with y-CD 
(6) was studied in the absence and presence of salts [25]. In these systems, where 
!H-NMR chemical shift changes were found to be very small, the difference in the 
molecular weight of the different macrocycles and that of y-CD (6) enabled accurate 
determination of the association constants. Figure 6.6 shows the studied equilib- 
rium along with the molecular weights and the diffusion coefficients extracted 
from diffusion NMR for the 3/6 system, both before and after the addition of lith- 
ium acetate. Table 6.1 provides the diffusion coefficients of these components in 


Tab.6.1. Diffusion coefficients (D) of the free components, 
y-CD:macrocycle, macrocycle:salt and the three component systems 
in 020 at 298 K and calculated associated constants (K,). [25] 


























System> De Dmacrocycle "Родс" Ка 
[10-5 cm? 5—1] [10-5 cm? 5—1] [10-5 cm? $1] [м] 

3-6 ПОАс 0.27 + 0.01 0.56 + 0.01 0.86 + 0.02 11 

3+6 0.27 + 0.01 0.48 + 0.01 = 187 

3 - 0.68 + 0.02 - 

6 0.32 + 0.02 - - 

LiOAc - - 1.02 + 0.01 

34-LiOAc - 0.60 + 0.01 0.90 + 0.01 40 

4+6+LiOAc 0.30 + 0.01 0.53 + 0.01 0.96 + 0.01 19 

4+6 0.29 + 0.01 0.42 + 0.01 = 165 

4 - 0.60 + 0.01 - 

6 0.32 + 0.02 - - 

LiOAc - = 1.09 + 0.01 

44-LiOAc = 0.58 + 0.01 0.96 + 0.01 29 

54-64-LiOAc 0.19 + 0.02 0.36 + 0.02 0.82 + 0.01 21 

5+6 0.19 + 0.01 0.34 + 0.02 = 69 

5 - 0.41 + 0.02 - 

6 0.24 + 0.02 - - 

LiOAc - - 0.87 + 0.02 

5--LiOAc = 0.39 + 0.01 0.84 + 0.01 10 











a АП experiments were performed three times and the reported values 
are means + standard deviation. 

>The 12C4 and the 12N4 systems were measured in a D20 solution 
having a рр of 7.6 while the 1254 was measured in DMSO-d,. 
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the unbound state and that of the two and three component complexes along with 
the extracted association constants. It was found that the presence of alkali salts 
decreased the association between the macrocycles and the y-CD and that the pH 
had practically no effect on the extracted association constants [25a]. Because diffu- 
sion NMR is relatively unaffected by acid—base equilibrium, the authors could eas- 
ily determine the association constants at different pHs and concluded that hydro- 
gen bonding is not the major factor responsible for complexation of these specific 
y-CD complexes. In these systems, the changes in the chemical shifts were rather 
small and both the cation and the у-С” had some effect on the chemical shift of the 
macrocycles making the extraction of association constants from this parameter 
difficult in general and hardly practical in the three-component cases. This exam- 
ple emphasizes the advantage of using diffusion coefficients to map the interaction 
between more than two species simultaneously. In this early study the measured 
diffusion coefficients for the y-CD were slightly higher than more recent measure- 
ments reported very recently [25b, 26]. 

Pseudorotaxanes obtained from the interaction of Ср (7) with diaminoalkanes 
and their salts (8) [26a, b] were also studied by diffusion NMR (Fig. 6.7) [27]. In 
this study, where the motivation, inter alia, was to evaluate the effect of protonation 
on the stability of the pseudorotaxanes, there was a need to determine the associa- 
tion constants of the different diaminoalkanes to 0-С” both before and after proto- 
nation. Since the chemical shift changes upon the formation of these pseudorotax- 
anes were relatively small, and in order to avoid attributing chemical shift changes 
because of protonation to binding phenomena in the case of the protonated 
amines, diffusion measurements were used rather than NMR chemical shift titra- 
tions [27]. Representative diffusion coefficients in these systems along with the 
log K, values are shown in Fig. 6.7 and Table 6.2. Table 6.2 shows that, even in the 
last entry, describing the formation of the pseudorotaxanes of o-CD with 1,12 dia- 
minododecane (8e), the longest diaminoalkane used, there was only a small effect 
on the diffusion coefficient of 7 upon binding. The changes in the diffusion coeffi- 
cients of 7 and 8e, as a function of the 8e/7 ratio, are depicted graphically in Fig. 
6.7b. A dependency was found between the length of the diaminoalkanes and the 
association constants to 7. It was found that protonation considerably reduced 
the stability of the pseudorotaxanes with the shorter diaminoalkanes. Only with 
the longest diaminoalkane studied, i.e. (8e), were the same association constants 
found for the diaminoalkane and its disalts form [27]. 

As previously stated, one of the main advantages of using diffusion NMR to ob- 
tain association constants of host-guest systems, over chemical shifts for example, 
is the fact that Дыра for the guest in usually not very different from Dg. of the 
host since, in most host-guest systems, the host is much larger than the guest. 
This may, in some cases, eliminate the need for a complete titration in order to 
obtain Dpouna of the guest. It is clear that the larger the difference in the size of 
the interacting molecules, the better this approximation. Recently, Cameron and 
Fielding tested this assumption, both theoretically and experimentally [28], by eval- 
uating the effect of concentration of the diffusion coefficients of f-CD (9), cyclo- 
hexylacetic acid (10) and cholic acid (11) (Fig. 6.8а). It was found that when fj-CD 
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Fig. 6.7. (a) Schematic representation of the formation of ће 
pseudorotaxanes of «-CD (7) and the diaminoalkane and their 
respective salts along with a few representative M,, and diffusion 
coefficients (D) and (b) the effect of the 8e/7 ratio on the diffusion 
coefficient of z-CD (7) (m) and Зе (e). Further numerical values can 
be found in Table 6.2 [27]. (Reproduced in part with permission from 
ref. [27]. Copyright 2002 American Chemical Society.) 


(Му of 1135 р 11017!) (9) forms a complex with cyclohexylacetic acid (10) (Mw of 
136 g 11017!) (Fig. 6.8b), for which the association constant Ka is in the order of 
1800 + 100, there is a small gradual reduction in the diffusion coefficient of f-CD 
upon the addition of 10. In this case, however, these changes were in the order of 
the error bars of the diffusion measurements. When the guest was cholic acid (11) 
(Му of 420 g mol-!) (Fig. 6.8c) then much more significant changes in Пруса were 
found following the addition of 11, implying that in this case Deomplex differs from 
Drost, emphasizing the need for a complete titration, or at least several points, to 
obtain the binding curve in this complex. These results clearly indicate that single 
point binding experiments using diffusion NMR need to be viewed with caution, 
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Tab. 6.2. Diffusion coefficients (D) of «-CD (7), diamines (8a—8e) and 
their mixtures before and after protonation, and the calculated log K; 
in 020 at 298 К.а [26] 





System^ Dguest Dco Dwater log K, 
[10-5 cm? s]. [x10 ст? 5-1] [x10? cm? 5-1] [M^] 




















Ср 0.30 + 0.01 1.96 + 0.01 / 

8a 0.76 + 0.01 / 1.97 + 0.01 / 

8a:x-CD (1:2.9) 0.71 + 0.01 0.29 + 0.01 1.97 + 0.01 1.18 + 0.14 
8b 0.65 + 0.01 / 1.96 + 0.01 / 

8b:x-CD (1:5.1) 0.49 + 0.02 0.30 + 0.01 1.96 + 0.01 1.81 + 0.07 
8g:-CD (1:1.3) 0.63 + 0.01 0.30 + 0.01 1.95 + 0.01 / 

8c 0.60 + 0.01 / 1.96 + 0.01 / 

8c:a-CD (1:0.8) 0.47 + 0.01 0.29 + 0.01 1.95 + 0.01 2.83 + 0.21 
8h:-CD (1:1.1) 0.52 + 0.01 0.29 + 0.01 1.96 + 0.01 1.87 + 0.15 
8d 0.55 + 0.01 / 1.96 + 0.01 / 

8d:z-CD (1:0.7) 0.38 + 0.01 0.29 + 0.01 1.96 + 0.01 4.13 + 0.30 
8i:x-CD (1:1.7) _ 0.33 + 0.01 0.29 + 0.01 1.96 + 0.01 3.34 + 0.19 
8e 0.50 + 0.01 / 1.94 + 0.01 / 

8e:x-CD (1:0. 0.32 + 0.01 0.26 + 0.01 1.94 + 0.01 43.85 + 0.27 
8j-CD (1:0.9) 0.34 + 0.01 0.29 + 0.01 1.94 0.01 3.83 + 0.21 








a АП experiments were performed at least three times and the reported 
values are means + standard deviation. 
>The stoichiometric ratios of the mixtures are given in parentheses. 


in cases where the different partners of the host-guest systems do not differ much 
in size. 

The determination of association constants, using diffusion NMR, is based on 
the fact that there is a fast exchange between the free and bound states of the 
guest. However, there are important applications of diffusion measurements in 
the case of slow exchange. Such an example is the study of molecular capsules 
and the encapsulation phenomenon, as will be outlined in the next section. 


6.4.2 
Encapsulation and Molecular Capsules 


Molecular capsules [29, 30| are molecules that can accommodate smaller mole- 
cules in their cavities. Therefore, diffusion coefficients which reflect the "effective" 
molecular size of the investigated molecular species should be a sensitive tool for 
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detecting and probing encapsulation. The relatively large differences between the 
capsule and the encapsulated guest, implies that the guest should have a much 
lower diffusion coefficient in the capsule than in its free state. Moreover, the encap- 
sulated molecules, if they are in slow exchange with their bulk population, should 
have the same diffusion coefficient as the capsule itself since the capsule and the 
encapsulated molecules diffuse as a single molecular entity. Noncovalent capsules 
are relatively labile systems and are therefore more difficult to probe in solution. 
Indeed, NMR diffusion measurements can be expected to, and have played, an im- 
portant role in the corroboration of the formation of noncovalent molecular capsu- 
les [31-33]. 

The first application of diffusion NMR to corroborate the encapsulation of ben- 
zene in the tetraureacalix[4]arene dimer (12-12, Fig. 6.9) was published in 1999 
[31а]. When this dimer was prepared in a mixture of СН, and Себе, a new peak 
at about 4.4 ppm was observed in the ЇН NMR spectrum. This peak, that was ten- 
tatively assigned to an encapsulated benzene molecule, was found to have a much 
lower diffusion coefficient than bulk “Еее” benzene (at 7.17 ppm). Indeed, the peak 
at ~4.4 ppm was found to have the same diffusion coefficient as the peaks repre- 
senting the dimer as shown in Fig. 6.9b. This figure depicts the signal decay as a 
function of the diffusion gradient strength (G), and the diffusion coefficients ex- 
tracted therefrom for the peak at 4.4 ppm along with that of the peak of bulk ben- 
zene (7.17 ppm) and one representative peak of the dimer (at 1.95 ppm); it demon- 
strates how easy it is to reach the conclusion that the entire capsule diffuses as a 
single entity [31a]. To corroborate this conclusion, a titration of the 12-12 solution 
with DMSO, which should disaggregate the dimer, was performed. Although 
DMSO increases the viscosity of the solution and a decrease in the diffusion coef- 
ficients would be anticipated, an increase in the diffusion coefficient was observed. 
The most plausible explanation for this observation is that the DMSO indeed dis- 
integrates the hydrogen-bond aggregates [31а]. 

The power and simplicity of DOSY in probing intermolecular interactions 
in general and encapsulation in particular, is shown in Fig. 6.10. Upon addition 
of the cobaltocenium cation (13) to the C2D4Cl; solution of the dimer 12-12, an 
extra peak at about 2.8 ppm was observed beyond that of 13. When ferrocene (14) 
was added to the solution, no additional high-field peak was observed. The DOSY 
spectrum, in Fig. 6.10b, of the C;D4Cl; solution of dimer 12-12 in the presence of 
13 and 14 clearly demonstrates how trivial it is to map the mutual interactions that 
prevail in the solution between the different molecular species [31c]. Only the peak 


< 





Fig. 6.8. (а) The structure of f-CD (9), cyclohexylacetic acid (10) and 
cholic acid (11), and the effect of the (b) 9/10 ratio and (c) 9/11 on 
their diffusion coefficients. Both the experimental values and the fitting 
of the data to a theoretical model are shown. For more details see ref. 
[28]. (Reproduced in part with permission from ref. [28]. Copyright 2001 
American Chemical Society.) 
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Fig. 6.9. (a) Compound 12 and the schematic representation of the 
formation of a dimeric capsule of 12 and (b) the signal decay as a 
function of the pulsed gradient strength (C) for “free” (at 7.17 ppm) 
and encapsulated benzene (at 4.4 ppm) and one representative peak of 
12-12 (at 1.95 ppm) along with their molecular weights and calculated 
radii (rs) [31a]. (Adapted from ref. [10].) 


at 2.72 ppm has the same diffusion coefficient as all the other peaks of the dimer, 
thus corroborating the assignment of this peak to the encapsulated cobaltocenium 
cation. The same methodology was used to demonstrate that, in this type of di- 
meric capsules, the tropylium cation has a much higher affinity toward the capsule 
cavity than benzene [31b]. 
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Fig. 6.10. (а) Schematic representation of the reaction of 12-12 with 
13 and 14 and (b) the DOSY spectrum (400 MHz, 298 K) of a C;D4Cl; 
solution of 12-12 in the presence of 13 and 14, showing that the peak 
at 2.72 ppm, suspected to be the encapsulated cobaltocenium cation, 
has the same diffusion coefficient as all the peaks of 12-12. The peaks 
of the free ferrocene and cobaltocenium cation at 4.06 and 5.61 ppm, 
respectively, were found to have much higher diffusion coefficients, as 
expected (data from ref. [31c]). (Reproduced with permission from ref. 
[10]. Copyright 2005 Wiley-VCH.) 
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The real power of diffusion NMR, however, is manifested in multicomponent 
supramolecular systems and even more so in supramolecular systems that con- 
serve the symmetry and spectroscopic characteristics of their building blocks. In 
such supramolecular systems, diffusion NMR can be crucial for accurate determi- 
nation of the structures that prevail in solution, as demonstrated for the hexameric 
capsule of resorcin|4]arenes (15) and pyrogallol[4]arenes (16) (Fig. 6.11) [32-33]. 
The structures of these systems are shown in Fig. 6.11a. These systems, first char- 
acterized by the Atwood and Mattay groups, were found to form, in the solid state, 
a [(15а)5(Н2О)з| and (16b); type hexamers, respectively as shown in Fig. 6.11b [34]. 
Subsequently, it was shown that 15c forms a hexamer in the presence of suitable 
guests in water saturated CDCl; solutions [35]. Tetrahexylammonium bromide 
(17) (see Fig. 6.11c, upper spectrum) and later Bu,SbBr (18) were found to be ideal 
guests for the hexamer of 15c and were therefore claimed to induce the formation 
of these hexamers. However, when the diffusion coefficient of 15c was measured 
in the absence and presence of 17 in the CDCl; solutions, the same low diffusion 
coefficients were measured for the peak of 15c in both solutions (see Fig. 6.11c). 
The only plausible explanation for these results is that the same aggregation 
mode prevails in the two solutions and it was therefore suggested that 15c self- 
assembles spontaneously, in wet CDCl; solutions, into a hexameric capsule [32a]. 
Indeed, when 15c was subsequently dissolved in CHCl, new high-field signals 
appeared at about 4.8-5.1 ppm. These peaks, tentatively assigned as encapsulated 
CHCl; molecules when measured with a STE diffusion pulse sequence, were 
found to have the same low diffusion coefficient as that of the resorcinarene peaks, 
thus further supporting the assignment of these signals to encapsulated chloro- 
form molecules [32a]. Moreover, the addition of 17 to this chloroform solution 
resulted in the disappearance of these signals. In titration experiments, in which 
the change in the diffusion coefficient of the resorcinarene peaks was followed as 
a function of the addition of DMSO, an increase in the diffusion coefficient of the 
15c peaks was found upon addition of DMSO. Very similar titration curves were 
found for the hexamer in the presence and absence of 17. All these results strongly 
support the conclusion that the process followed is indeed the disruption of the 
higher aggregates, namely the hexamers, into their lower aggregates [32a]. 

Prompted by its crystal structure [34a] and the fact that some of these aggregates 
were formed in water-saturated chloroform solutions, the role of the water mole- 
cules in the formation of the hexameric capsules of 15c and 16c was also studied. 
Diffusion NMR was selected since the chemical shift of water protons in the pre- 
sence of acidic compounds is very sensitive to the amount of water, the concentra- 
tion of the acidic material, the exchange rate and solvent pH and is therefore not a 
predictable parameter. In addition, since water molecules are very small relative to 
the resorcinarene and pyrogallolarene hexamers, the water diffusion coefficient 
was anticipated to be a rather sensitive parameter to follow water interaction with 
these supramolecular structures. Indeed, when the water diffusion coefficient was 
followed as a function of the 15c/H5O ratio, a decrease in the diffusion coefficient 
of the water peak was observed with the increase of the 15c/H50 ratio, as shown in 
Fig. 6.12. Fig. 6.12a-d shows the signal decay of the water (Fig. 6.12a, c) and the 
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Fig. 6.11. (a) The structure of compounds 15a-c and 16a—c, (b) the 
crystal structure of [(15a)¢(H2O)3] and (16b)g [34] and (c) (top) the 'H 
NMR spectrum of the hexameric capsule of 15c encapsulating 17 and 
(bottom) of 15c in a СОС); solution along with the diffusion coefficient 
of 15c in each solution [32a]. 
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Fig. 6.12. Signal decay for the water peak (a, c) and one representative 
peak of the hexameric capsule of 15c (b, d) when the 15c:water ratios 
are 6:114 (a, b) and 6:8.4 (c, d) and changes in the diffusion coeffi- 
cients of (e) the water (€) and 15c (№) before and after addition 

of 17 (water A, 15c О) апа for (f) water Г] and 16c № in CDCl; 
solutions [32b, c, 33а]. 














macrocycle (Fig. 6.12b, d) peaks as a function of the gradient strength (G) in the 
two different 15c/H5O ratios. Clearly, when the 15c/H5O ratio was changed from 
6/114 to 6/8.4 a dramatic change in the signal decay of the water peak was ob- 
served. Figure 6.12e shows the extracted diffusion coefficient as a function of the 
15c/H50 ratio. This figure shows that the water diffusion coefficient is dramati- 
cally affected by the 15c/H50 ratio. When the relative amount of H20 is decreased 
there is a decrease in the extracted diffusion coefficient of water (Fig. 6.12e). Inter- 
estingly, even when the 15c/H5O ratio was 6:8.4 the diffusion coefficient for the 
water peak was nearly twice that of the hexamer. However, when that ratio was 
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Tab. 6.3. Diffusion coefficients of 15c, 16c and water in CDCl; at 298 К 
as a function of the macrocycle/water ratios.? [32b, 32c, 33a] 





System> Ratio Diffusion coefficients [х10-5 cm? s^] 
macrocycle/water 





15c 1.3 ppm 16c 1.3 ppm water 


Water saturated CDCl; 4.15 4- 0.06 


15c 3.1 mM 6:114.4 0.23 + 0.01 4.00 + 0.06 
Water saturated CDCl; 


15c 5.6 mM 6:77.8 0.26 + 0.01 3.65 + 0.14 
Water saturated CDCl; 


15c 32 mM 6:26.3 0.24 + 0.01 2.88 + 0.02 
Water saturated CDCl; 








15c 32 mM 6:15.9 0.25 + 0.01 2.24 + 0.02 
Commercial CDCl; 


15c 26.7 mM 6:14.3 0.26 + 0.01 1.89 + 0.02 
Water saturated CDCl; 


15c 31.6 mM 6:10.5 0.24 + 0.01 1.53 + 0.29 
CDCl; (ampule) 


15c 27.4 mM 6:8.4 0.26 + 0.01 0.54 + 0.01 
Commercial CDCl; 


15c 30.6 mM 6:7.2 0.22 + 0.01 0.24 + 0.03 
CDCl; (ampule) 


15c/THABr 1:1 6:24.3 0.22 + 0.01 3.25 + 0.04 
43.9 mM dry CDCl;4-H;O 


15c/THABr 1:1 6:16.1 0.22 + 0.01 2.92 + 0.03 
43.9 mM dry CDCl;4-H;O 





15c/THABr 1:1 6:12.6 0.22 + 0.01 2.22 + 0.04 
28.7 mM CDCl; 


15c/THABr 1:1 6:10.1 0.22 + 0.01 2.13 + 0.01 
43.9 mM dry CDCl;4-H;O 


15c/THABr 1:1 6:8.4 0.23 + 0.01 2.08 + 0.03 
43.9 mM dry CDCl;4-H;O 








15c/THABr 1:1 6:4.1 0.20 + 0.01 1.26 + 0.02 
28.7 mM CDCl; 


16c 5.1 mM 6:69 0.23 + 0.01 4.00 + 0.13 
Water saturated CDCl; 





16c 24.8 mM 6:18.4 0.23 + 0.01 4.17 + 0.05 
Water saturated CDCl; 
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Tab. 6.3 (continued) 





System> Ratio Diffusion coefficients [x 10? cm? 571] 
macrocycle/water 





15c 1.3 ppm 16с 1.3 ррт water 


16c 3 mM 6:36.9 0.23 + 0.01 4.05 + 0.05 
Commercial СРС 


16c 6.5 mM 6:16.2 0.25 + 0.01 3.89 + 0.07 
Commercial СРС 








16c 28.3 mM 6:6.4 0.24 + 0.01 3.89 + 0.16 
Commercial СРС 





a АП experiments were performed three times and the reported values 
are means 4- standard deviation. 
^ Both the macrocycle concentration and source of the CDCl; are given. 


less than 6:8, i.e. 6:7.2, the diffusion coefficient of the water peak was found to be 
equal to that of the hexamer (Fig. 6.12e, Table 6.3). The only plausible explanation 
for this observation is that the eight water molecules interact with the six mole- 
cules of 15c, thus suggesting that a hexamer of the [(15c)e(H25O)s]-type prevails in 
solution [325], as in the solid state [34a, c]. These results demonstrate that diffu- 
sion NMR enabled us to probe unequivocally, and in a simple way, the interaction 
between the fourteen components in this supramolecular system. Because of the 
high sensitivity of the diffusion coefficient of the water molecules, the same experi- 
ments were used to evaluate the role of the water molecules in the case of the 15c 
hexamer that encapsulates 17 and for the hexamer of 16c. For the hexamer of 16c 
the 16c/H50 ratio had practically no effect on the diffusion coefficient of the water 
molecules, suggesting the formation of a (16c);-type hexamer (Fig. 6.12f, Table 6.3). 
Interestingly, for the hexamer of 15c encapsulating 17, the 15c/H20 ratio had only 
a limited effect on the diffusion coefficient of the water molecules. Even for a 15c/ 
H20 ratio of less than 6:8 the diffusion coefficient of the water molecule was sev- 
eral times that of the hexamer (Fig. 6.12e), indicating that the water molecules can 
exchange with the hydroxyl group of the hexamer, however they are not part of the 
hexameric capsule [32c]. The NMR diffusion measurements seem to indicate that 
the water molecules leave the supramolecular structure when 17 replaces the en- 
capsulated CDCl; molecules in the hexamer of 15c. It should be noted, however, 
that diffusion measurements cannot distinguish between encapsulated water mol- 
ecules and water molecules which are incorporated in the hexamer's seam of 
hydrogen bonds since, in both situations, in the case of slow exchange, the water 
diffusion coefficient should be equal to the diffusion coefficient of the hexamer. 
However, because of the fast exchange of H2O with bulk water and the fact that 
[(15c)s(H20)s]-type capsules were observed in the solid state [34a], the more plau- 
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Fig. 6.13. Schematic representation of some of the different molecular 
interactions and aggregation modes identified by diffusion NMR in 
these giant capsules [32—33]. 


sible explanation seems to be that the eight water molecules, which have the same 
diffusion coefficient as the hexamer, are part of the supramolecular structure in the 
solution. The maps of the molecular interactions that prevail in these systems that 
were obtained from these diffusion NMR studies are summarized graphically in 
Fig. 6.13 [32-33]. Kaifer et al. recently used diffusion NMR in conjunction with 
electrochemistry to characterize the interaction of the hexameric capsules of 15c 
and 16c with 13 and 14 [36]. Interestingly, here again, like in the case of the di- 
meric capsule 12-12 [31c], they found that only 13 is encapsulated in the hexamers 
although it is clear that sterically both 13 and 14 can easily be accommodated in 
the cavity of these hexamers. 

Self-recognition [37] in the self-assembly process of the resorcin|4]arene and 
pyrogallol|4]|arene hexamers was also studied using diffusion NMR [33b]. Here 
again the chemical shift was not informative. However, the diffusion coefficient 
was found to be a very good parameter for following the systems, as shown in 
Fig. 6.14. For evaluation of the self-recognition in the self-assembly processes of 
these hexameric capsules, more derivatives that differ in their molecular weights 
and hence in their diffusion coefficients, i.e. 15b and 16b were prepared. When 
mixtures of 15b,c, 16b,c and 15b, 16c were prepared, nearly no changes in chemi- 
cal shift could be observed and the ЇН NMR spectra of the mixture were a super- 
position of the spectra of the individual compounds, as shown in Figs. 6.14a and 
6.14c for the 15b,c and 15b, 16c mixtures, respectively. However, the diffusion re- 
sults were quite different for the different mixtures studied. It was found that for 
the 15b,c (see for example Fig. 6.14b) and 16b,c mixtures, two different diffusion 
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Fig. 6.14. Sections of 'H NMR spectra for (a) 15c and 15b and their 
mixture and (b) the diffusion coefficient of 15b and 15c т CDCl; as a 
function of time that elapsed since the preparation of the mixture; (c) 
and (d) show the same type of data for the mixture of 15c and 16b 
[33b]. 


coefficients were observed in each mixture, immediately after their preparation, 
and they were found to equilibrate with time. These results were not observed for 
the mixtures of 15b, 16c or 15c, 16b. There the diffusion coefficient remained dif- 
ferent for weeks. These diffusion results, summarized in Fig. 6.14, clearly demon- 
strate that within the macrocycle type the self-assembly process proceeds without 
self-recognition but across macrocycle types, the self-assembly proceeds with com- 
plete self-recognition. Such conclusions could not have been obtained from analyz- 
ing the chemical shifts but were completely conclusive when diffusion coefficients 
were used as a parameter to follow the process [33b]. Although the difference 
between 15b and 15c or 16b and 16c is only about 3096 the diffusion results were 
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nonetheless conclusive. It should be noted, however, that, in this case, diffusion 
does not have the resolution required to distinguish between the different hetero- 
hexamers formed. All these diffusion experiments demonstrate the power of diffu- 
sion NMR in characterizing multicomponent noncovalent molecular capsules. 

Indeed, very recently, several examples for the use of diffusion NMR for studying 
other capsules were reported by different groups [38]. 


6.4.3 
Molecular Size, Shape and Self-aggregation 


The Stokes' radius of a molecule is related to its partial specific volume (v) and its 
molecular weight (М) by Eq. (6.13): 


3 
3M7 
ү] 13 
УМ (6.13) 


Substitution of this equation into Eq. (6.2) and then into Eq. (6.1) when k; is re- 
placed with R/N where R is the gas constant and N is Avogadro's number affords 
Eq. (6.14): 





D- RT 
~ 21/3343 44/3 N2/35y-1 M1/3 





(6.14) 


This equation shows the reciprocal cubic root dependency of the diffusion coeffi- 
cient on the molecular weight. This implies that, under identical conditions for two 
molecules diffusing with diffusion coefficients of D; and D; and with molecular 
weights of М; and M; the following relation holds: 


р ‘№, 
A, [22 15 
D; М, (6.15) 


This equation, which is correct for spherical molecules, implies that one should 
expect a decrease of about 26?6 in the diffusion coefficient when the molecular 
weight is doubled. For linear molecules, however, larger decrease in the diffusion 
coefficient of about 40% should be observed when the molecular weight is 
doubled. Therefore, diffusion can be used to determine the size and shape of 
molecules by just weighing them. This was demonstrated on several single (SR), 
double (DR) and tetra-rosettes (TR) originally prepared by the Reinhoudt group 
[39], which were characterized by diffusion NMR [40]. Diffusion could easily dis- 
tinguish between the SR (193-203), DR (21; +206) and ТЕ (22; 2012) as shown in 
Fig. 6.15. For example, Fig. 6.15b clearly shows that the signal decay, as a function 
of the diffusion weighting (b), for the three types of rosettes is very different. 
In addition, relatively good agreement was found between the Stokes' diameters, 
extracted from the NMR diffusion measurements and those obtained from gas- 
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Fig. 6.15. (а) Schematic representation of the single-, double- and 
tetra-rosettes (ST, DR and TR, respectively) along with their molecular 
weights, diffusion coefficients and Stokes radii (rs) and (b) the signal 
decay (In I/Io) for three representative rosettes along with the ratios of 
their diffusion coefficients (D) and molecular weights (Mw) [40]. 
(Adapted with permission from ref. [40]. Copyright 2000 Royal Society 
of Chemistry.) 
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Fig. 6.16. Schematic representation of a selected coordinative 
supramolecular systems structure prepared by the Stang group, along 
with their diffusion coefficients, molecular weights and calculated 
Stokes radii (rs) [41, 42]. 
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phase-minimized structures [40]. More importantly, by measuring the diffusion co- 
efficient of the SR and DR by addition of their components it was possible to deter- 
mine which of the rosettes are kinetically labile. It was found that the SR and only 
some of the DRs, are kinetically labile on the NMR timescale under the given con- 
ditions (2 mM sample in CDCl;, 298 K, 500 MHz). This information was difficult 
to obtain from conventional NMR of these systems. 

The Stang group used the PGSE to corroborate the formation of their spectacu- 
lar dodecahedra 26 and 27 shown in Fig. 6.16a, constructed from 50 components 
[41]. The diffusion coefficients of the two dodecahedra, 26 and 27, the molecular 
weights of which were calculated to be 41656 and 61955 Daltons, were found to 
be 0.18 + 0.05 x 107? cm? 5"! and 0.13 + 0.06 x 107° cm? 5-1, respectively in the 
nonviscous acetone-dichloromethane solutions. Simulation of motion with such 
diffusion coefficients through that medium enabled them to extract diameters of 
5.2 nm and 7.5 nm for 26 and 27, respectively, values which are in good agreement 
with the estimated diameters of 5.5 nm and 7.5 nm, respectively, as obtained from 
calculations [41]. Figure 6.16b depicts diffusion data of several complexes, recently 
prepared by the Stang group [42]. They found good agreement between the г, cal- 
culated from the diffusion data and the molecular dimensions obtained from X-ray 
crystallography. The authors used this comparison to corroborate the fact that sys- 
tems 28—31 are indeed intact supramolecular assemblies in solution [42]. 

Larive and coworkers recently used NMR diffusion measurements to character- 
ize a series of ligands (32-36) and rhenium complexes that were used as building 
units in the construction of molecular squares that could not be characterized by 
mass spectrometry (Fig. 6.17, [43]). There, good correlation was found between 
the diffusion coefficient and the reciprocal of the estimated Stokes’ radii (1/r.), as 
shown in Fig. 6.17c. The authors also concluded, based on the NMR diffusion 
measurements, that the complexity of some of the spectra are intrinsic character- 
istics of the supramolecular systems prepared, rather than contamination from 
low molecular species. The data extracted from these NMR diffusion experiments 
is presented in Table 6.4. 

Recently, the Kaifer group, whose work combines supramolecular electrochemis- 
try with solid spectroscopic characterization of their systems, studied the interac- 
tion of cucurbit[7]uril (СВУ, 37) with ferrocene-containing dendrimers up to three 
generations (FG1 (38), FG2 (39), and FG3 (40); see Fig. 6.18). They found, inter 
alia, that, at pH 7, the diffusion coefficients of the functionalized dendrimers are 
smaller than the corresponding diffusion coefficients measured at pH 2 which, ac- 
cording to the authors, should be attributed to the fact that, under acidic condi- 





» 


Fig. 6.17. (а) The structure of compounds 32—36, (b) their rhenium 
corner and square complexes and (c) the correlation between their 
diffusion coefficients and the reciprocal of the estimated Stokes radii 
(1/r.) for ligands (ө), corners (А), and squares (№) [43]. (Adapted 
with permission from ref. [43]. Copyright 2002 American Chemical 
Society.) 
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Tab. 6.4. Diffusion coefficients (D) of the ligands 32—36 and their rhenium complexes. [43] 





Molecule D32 D33 D34 Das D36 
[x107 [х10-6 [х10-6 [х10-6 [x1076 
cm? 571] cm? 571) cm? 571) cm? 571) cm? 571] 
ligand 9.68 + 0.09 6.03 + 0.04 3.53 + 0.04 2.24 + 0.02 1.94 + 0.06 
corner 3.62 + 0.08 2.69 + 0.02 1.61 + 0.03 
square 2.37 + 0.11 1.42 + 0.05 0.87 + 0.02 1.20 + 0.04 1.04 + 0.03 

















tions, the carboxylic end-groups are protonated and therefore the dendrimers have 
more collapsed structures [44a]. At pH 7, the carboxylic end-groups are charged 
and therefore repulsion forces keep the dendrimer branches in the extended 
form. This is an example of the power of diffusion NMR to report on the shape of 
molecules. It should be noted that such an observation was previously reported for 
other Newkome-type dendrimers [44b]. 

Another interesting application on some lipophilic guanosine systems was 
recently described by the Davis group [45]. Guanosine nucleosides and their 
lipophilic models attracted much interest because they have tremendous biologi- 
cal importance and an ability to form peculiar supramolecular systems by self- 
aggregation, in time, through the mediation of cations and/or anions [46]. For 
example, 41a was found to form the hexadecamer 42 following the addition of po- 
tassium picrate, while lipophilic isoguanosine 41b was claimed to form a mixture 
of an octamer and a hexadecamer (43, 44, respectively) after the addition of potas- 
sium dinitrophenolate (DNP) as shown in Fig. 6.19. This figure shows the struc- 
ture of the monomers, the aggregates formed, and the signal decays as a function 
of the diffusion weighting along with the extracted diffusion coefficients [45]. 
When studying the diffusion characteristics of the systems formed by 41a, the au- 
thors used compound 45 as an internal reference. Compound 45 was selected as a 
reference since it is unable to self-aggregate and interact with 41a. This mixture 
(45, 41a and 42) was then used as a test case for diffusion NMR. Based on crystallo- 
graphic data, they estimated the molecular volume of 42 and 41a to be 12140 A? 
and 586 АЗ, respectively. Using the hard sphere model, they predicted the 
D42/D434 to be 0.36. The experimental ratios were indeed found to be 0.35 and 
0.39 for D4?/ Раз апа D42/ Ола, respectively. Since there was good agreement be- 
tween the predicted value and the experimental value for D42/ Раз, the deviation of 
the D42/D4a value was thought to originate from self-association of 41a in the 
CD3CN solution [45]. Indeed D414/ D45 was found to be 0.88 in CD3CN, but only 
0.96 in [D;|DMSO where self-aggregation of 41a is marginal. This is a good exam- 
ple of the benefit obtained by using an appropriate internal standard in NMR dif- 
fusion measurements [45]. However, it should be noted that when it is difficult to 
find the appropriate internal standard and self-aggregation is of concern, one can 
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Fig. 6.18. The structure of CB[7] and the first, second and third 
generation ferrocene-dendrimers (FG1, FG2 and FG3, respectively) and 
a schematic representation of their complexes along with their 
diffusion coefficients at different pH [44a]. (Adapted with permission 
from ref. [44a]. Copyright 2005 Royal Society of Chemistry.) 
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Fig. 6.19. (a) The structures of lipophilic isoguanosine 41a and 41b 
and the respective supramolecular systems which they form under 
different conditions, the structure of the reference compound 45, and 
the signal decay as a function of the diffusing weighting factor b of 
(b) octamer (43) and hexadecamer (44) in CD;Cl; and (c) 41a, 45 and 
42 in CD3CN along with the diffusion coefficients and molecular 
weights and their ratios [45]. 


6.4 Applications of Diffusion NMR in Supramolecular Chemistry: Selected Examples 


measure the diffusion coefficient of the sample following dilution. An increase in 
the diffusion coefficient when the sample is diluted can serve as an indication for 
self-aggregation provided that the viscosity of the sample is not changed signifi- 
cantly during the dilution process. In this study, only the free 41a and the corre- 
sponding hexadecamer 42 were found, indicating that this self-assembly process 
occurs via a cooperative mechanism. 

When 41b was used to extract KDNP from water to CD;Cl; a complex was ob- 
tained that was attributed to the octamer 43. However, when solid-liquid extraction 
was performed, a different spectrum was obtained. Here again, diffusion NMR 
came to the rescue. When the diffusion coefficients of the two species were mea- 
sured, a ratio of 0.78 was found experimentally which agrees very well with the ex- 
pected theoretical Dj6mer/Dgmer ratio of 0.79. Consequently, compound 44 could be 
assigned as the hexadecamer of 41b while 43 was assigned as the octamer [45]. 

DOSY spectra were recently used to assist in the identification of some spectacu- 
lar supramolecular structures prepared by the Kim and Fujita groups (Figs. 6.20 
and 6.21). The pentameric necklace 48, for which the structure could not be con- 
firmed by X-ray crystallography when prepared, was found to have a hydrodynamic 
volume which is 8.7 times larger than that of CB[8] (47) alone, thus corroborating 
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Fig. 6.20. Schematic representation of the formation of the 
supramolecular necklace 48 and the molecular weights, diffusion 
coefficients and volumes of 48 and its components [47]. (Adapted with 
permission from ref. [47]. Copyright 2004 American Chemical Society.) 
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the formation of the large necklace. The DOSY spectrum clearly showed that all 
peaks of the two components had the same low diffusion coefficient [47]. 

Fujita's group recently described the preparation of spherical assemblies from 36 
components having a general formula of Mi2L24 where M was рат? (Fig. 6.21). 
When compounds 49—51 were reacted with Pd(NO3); in [D;|]DMSO, the 36 com- 
ponent systems 52, 53 and 54, respectively were obtained as a single product [48]. 
Compound 52 was characterized by X-ray crystallography while the structures of 
53 and 54 were estimated using Cerius calculations [48]. DOSY experiments per- 
formed on these solutions corroborated the formation of a large single supramolec- 
ular system in each case (Fig. 6.21c). Indeed, the hydrodynamic radii (r) extracted 
from the measured diffusion coefficients were 3.4, 6.7 and 5.3 nm for 52, 53 and 
54, respectively. The first value is in excellent agreement with the value obtained 
from the X-ray structure of 52 (3.4 nm) and the others are within acceptable agree- 
ment with the values obtained from the Cerius program for 53 and 54 which were 
found to be 7.4 and 6.0 nm, respectively [48]. 


6.4.4 
Diffusion as a Filter: Virtual Separation and Ligand Screening 


Diffusion is, in fact, a filter, which filters compounds according to their effective 
molecular weight and shape, and, as such, can be combined with any NMR se- 
quence. The fact that diffusion is a filter enables us to use diffusion for solvent 
suppression, virtual separation and screening for potential ligands for a given re- 
ceptor [49]. Since solvents are generally small molecules relative to solutes, one 
can use diffusion weighting as a preferable means of eliminating the signal of the 
solvent. This filtering-off of solvent peaks is more efficient if the solutes are large 
molecules with My of around 10000 Daltons or more. 

As shown in Fig. 6.5, diffusion in general and DOSY spectra in particular can be 
used for "virtual separation" of compounds. DOSY provides 2-D maps in which 
one axis is that of the chemical shift and the other is that of the diffusion coeffi- 
cient. Although the 1-D ЇН NMR spectrum shown in Fig. 6.22a is a superposition 
of the spectra of all the compounds in the mixture, each horizontal line in the dif- 
fusion coefficient axis in Fig. 6.22b represents only one compound. Here com- 
pounds of very different molecular weight were used and peak separation on the 
diffusion axis was complete leaving only one compound in each horizontal line in 
the 2-D DOSY spectrum. However, Figs. 6.22c and 6.22d show the same kind of 


< 





Fig. 6.21. (a) Schematic representation of the formation of the 36 
component supramolecular spheres, (b) the ligands (49, 50 and 51) 
used to construct these spheres, along with the X-ray structure of 52 
and the calculated structure of 53, and (c) the DOSY spectra of 52, and 
53 and 54 along with their diffusion coefficients, the Stokes radii (rs) 
and the X-ray and calculated radii of these compounds [48]. (Adapted 
with permission from ref. [48]. Copyright 2004 Wiley-VCH.) 
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Fig. 6.22. The (a) 1-D and (b) 2-D-DOSY spectrum of a mixture 
containing 020, glucose, ATP and SDS micelles [50]. (Adapted with 
permission from ref. [50]. Copyright 1993 American Chemical Society). 
(c) 1-D and (d) 2D-DOSY spectrum of the perchloric acid extract of a 
gerbil brain іп 020. Selected assignments are: ac = acetate; ala = 
alanine; cho — choline; cr — creatinine; etn — ethanolamine; GABA — 
y-aminobutyric acid; glu = glutamine; GPC = glycerophospho-choline; 
lac = lactate; m-ino = myo-inositol; NAA = N-acetylaspartate; 

succ = succinate and tau = taurine [51]. (Adapted with permission 
from ref. [51]. Copyright 1997 Elsevier.) 
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data for a mixture containing many metabolites, some of which differ only margin- 
ally in their molecular weight. Here again, the 1-D spectrum in Fig. 6.22c is that of 
the entire mixture and each horizontal line in Fig. 6.22d represents only part of the 
metabolites in the mixture. Figures 6.22b and 6.224 indeed represent “virtual sepa- 
rations" of the compounds. Here, spectra of each component (or part of them) are 
obtained separately without the need to actually physically separate them, by chro- 
matography for example. With the current technology, one can now separate com- 
pounds which differ by less than a factor of 2 in there molecular weights. Although 
the DOSY presentation is very attractive if one uses single peak analysis of the signal 
decay, one can still differentiate between molecular species that differ by only 20- 
3096 in their molecular weight without resorting the DOSY procedure. This can be 
done with the aid of high quality gradient system if the molecular weights of the 
investigated molecules are in the range of hundreds to a few thousand Daltons. It 
should be noted that overlapping signals may present a real problem when mixtures 
of large numbers of compounds or complex compounds are present in the mixture. 
One way to partially alleviate this problem is to couple the DOSY filter with a 2-D- 
NMR sequence where overlapping signals are less of a problem. This results in 3-D 
sequences, referred to as 3-D-DOSY sequences. Since diffusion is a filter that can 
easily be coupled to nearly any 2-D-NMR sequence, many 3-D-DOSY sequences 
have been developed with relative ease. However, there are only a limited number 
of applications of these techniques in real chemical systems. The principle of a 3-D- 
DOSY in virtual separation is schematically outlined in Fig. 6.5b. Here, the result of 
a 3-D-DOSY-COSY sequence is presented, where COSY maps of each compound 
in the mixture are separated on the diffusion axis and appear on a separate plan. 

Like other parameters, diffusion NMR can be used to screen for potential ligands 
for a given receptor or host. The diffusion coefficient of a small molecule changes 
upon addition of a large molecule if they interact. Therefore, diffusion coefficients 
can be used to screen for the interactions between small molecules and specific re- 
ceptors, allowing a distinction to be made between ligands that do not interact with 
a host and those which interact with the receptor or host molecule. One example 
for such an experiment, which is based on the single-point approach developed by 
Shapiro and coworkers, is that depicted in Fig. 6.23 [52]. These researchers first 
measured the 1-D 'H spectrum of the mixture of the eight potential ligands (com- 
pounds 55—62, see Fig. 6.23a) and hydroquinine 9-phenanthryl ether (63) (Fig. 
6.23b). They then found the experimental conditions (gradient strength and dura- 
tion) needed to eliminate the spectrum of the mixture of the eight tentative ligands 
in the absence of 63 (Fig. 6.23c). Subsequently, they repeated the same 1-р ЇН dif- 
fusion spectrum after addition of 63 to the mixture, and they indeed observed, in 
addition to the signals of 63, further signals that originate from compounds 55 and 
56 that interact with the receptor molecule 63 (Fig. 6.23d) [52]. Only the com- 
pounds which interact with the receptor, experience a decrease in their diffusion 
coefficients and, hence, their signals reappear under the previously selected PFG 
conditions. 

The advantages of using this simple scheme of diffusion NMR as a screening 
method for potential ligands for specific receptors are the following: The measured 
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parameter, i.e. the diffusion coefficient, is intuitively related to the followed phe- 
nomenon, i.e., one has to expect a decrease in the diffusion coefficient for the com- 
pounds that interact with the receptor, as one indeed observes. This is in contrast 
with other NMR parameters such as chemical shifts and relaxation, where the 
magnitude or even the direction of the changes cannot be predicted a priori. Addi- 
tionally, the method can be performed in a few minutes for a mixture of several 
ligands when their concentrations are in the mM range. A further important 
advantage of screening by diffusion NMR is the fact that the method is applicable 
to all receptors, even to systems of unknown ligands and receptors or hosts. This is 
in clear contrast with the main competing NMR approach for ligand screening [53] 
on which we will not elaborate here. Other approaches based on NMR diffusion 
measurements for ligand screening have also been reported [10, 54]. 


6.4.5 
From Organometallics to Supercharged Supramolecular Systems 


Diffusion NMR can be, and has been used to study ion-pairing phenomena [55] 
and in the last decade (mostly since the year 2000) diffusion NMR has become 
more popular among organometallic chemists [56]. Organometallic compounds 
and complexes that tend to self-aggregate are relatively labile and often involved 
in association-dissociation reactions when ligands enter or leave the complexes. 
Generally, the labile ligand is small relative to the entire complex and their associ- 
ation dissociation can be followed relatively easily by diffusion NMR. Indeed, in the 
last seven years, Pregosin and others have used diffusion NMR to study many or- 
ganometallic complexes [56]. Although some organometallic complexes can only 
remotely be classified as supramolecular systems, many of them clearly are. Since 
the subject has recently been reviewed [11a, 57], we will focus here on charged 
polycycles that form supercharged supramolecular systems. 

In 1995, the diffusion coefficients of a series of polycyclics and their respective 
dianions as well as corannulene (64) and its tetraanion (64*7) were measured in 
[Ds]THF solutions [58a]. Upon the formation of the charged species, a large de- 
crease in the diffusion coefficients was observed and, partially, assigned to the in- 
creased solvation of the charged systems in the [Ds] THF solutions. However, some 
of the systems showed too large a decrease of their diffusion coefficients upon 
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Fig. 6.23. (a) The structure of DL-isocitric the mixture without 63 using the LED sequence, 


lactone (55), (S)-(+)-O-acetylmandelic acid 
(56), DL-N-acetylhomocysteine thiolactone 
(57), (+)-sec-butyl acetate (58), propyl acetate 
(59), isopropyl butyrate (60), ethyl butyryl- 
acetate (61), butyl levulinate (62), hydroquinine 
9-phenanthryl ether (63), (b) the 1-D 'H NMR 
spectrum of the eight compounds 55-62, 

(c) 1-D pulse gradient 'H NMR spectrum of 


and (d) 1-D pulse gradient 'H NMR spectrum 
of the nine-component mixture using the 
same experimental conditions as in (c). Peaks 
arising from compounds 55 and 56 are 
labeled. All other peaks are from compound 
63 [52]. (Reproduced with permission from 
ref. [52]. Copyright 1997 American Chemical 
Society.) 
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reduction. One of the most dramatic decreases in the diffusion coefficient upon re- 
duction was found for the 64/64^- pair and it was suggested that this decrease re- 
flects the dimerization of the 644, which was indeed proven when two different 
derivatives of corannulene were reduced and evidence for the formation of the het- 
erodimer of 64^- was found [58b]. 

However, one of the most intriguing examples in this field, which also demon- 
strates the power of diffusion NMR to characterize supramolecular systems ob- 
tained by self-aggregation, is the assignment of the different species that prevail 
in solution following the reduction of 2,5,8,11-tetra-tert-butylcycloocta|1,2,3,4-def- 
,5,6,7,8|bis-biphenylene (65) to its respective tetraanions [59]. In this sample, dif- 
ferent species were observed and only diffusion NMR provided a proof, in conjunc- 
tion with 2-D NOESY, that the different molecular species are indeed different 
helically-stacked anionic aggregates of 65". When NMR diffusion measurements 
were performed on the obtained solution, four different diffusion coefficients were 
found for the mixture. These coefficients that were assigned to the monomer, 
dimer, trimer and tetramer of 65*- (Fig. 6.24). Based on Eq. (6.16): 


D= вт (6.16) 


n MP 
6 300:—| Е 
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where all the parameters have their above meanings and F is the Perrin factor for 
each aggregate. The authors plotted the diffusion coefficient against 1/(пУЗЕ) and 
obtained a straight line (R? — 0.98) from the slope of which the effective monomer 
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Fig. 6.24. The structure of compound 65 along with the computerized 
calculated structure of the monomer, dimer, trimer, and tetramer of 
65*- along with the corresponding experimental diffusion coefficients 
of these systems in [Dg]THF at 258 К [59]. 
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volume (vo) was calculated to be 520 АЗ. This value was said to perfectly match the 
MNDO-based estimation of the monomer's effective dimension. With the aid of 
diffusion NMR, the authors provided evidence for the formation of a tetramer com- 
posed of four layers of 65*- unit. This is a supercharged supramolecular system 
that contains sixteen negative charges which are probably formed, through the 
mediation of the cations in the system [59]. Very recently, some additional super- 
charged supramolecular systems were studied with diffusion NMR [60]. 


6.5 
Advantages and Limitations of Diffusion NMR 


Diffusion NMR, using the current technology, provides a fast and accurate means 
for measuring the diffusion coefficient of entire sets of peaks simultaneously. The 
strength of the conventional gradient systems in commercial NMR spectrometers 
can produce up to 50 С ст! which enables one to determine the diffusion coeffi- 
cient of systems of molecular weight of up to 10000 Daltons relatively easily. The 
main advantage of using diffusion coefficients as a probe to intermolecular interac- 
tions as compared with other NMR parameters is that it is the only NMR parame- 
ter which is intuitively connected to the process followed. In addition, it is the only 
parameter which directly reflects the size and the shape of molecular species. 

It should be noted, however, that for spherical molecules for example, the 
change in the diffusion coefficient is only proportional to the cubic root of the ef- 
fective molecular weight. Diffusion measurements are much easier to perform on 
systems that have long T, relaxation times. Since diffusion sequences are based on 
spin-echo or stimulated-echo, they can be performed only on systems where T; is 
not too short. This means that, for large molecules that generally have low diffu- 
sion coefficients and are characterized by short T; values, accurate determination 
of their diffusion coefficients is more difficult. In addition, for accurate determina- 
tion of diffusion coefficients from NMR, well calibrated high quality gradient 
systems are required. Current technology and the available sequences already en- 
able quite satisfying results on conventional supramolecular systems. Special care 
should also be given to temperature stabilization and the prevention of convec- 
tions. In addition, it should be noted that in order to map intermolecular interac- 
tions with high sensitivity using diffusion NMR, the interacting species should 
have different molecular weights. The interactions between two different species 
that happen to have the same molecular weight are difficult to probe if the two sys- 
tems do not interact strongly. In addition, one should bear in mind that diffusion 
coefficients reflect the "effective" size and molecular weight of the observed system 
and that different systems may happen to have the same diffusion coefficients. The 
diffusion coefficient may represent the size of the molecular systems and its solva- 
tion. For example solvation may be more important for multiply charged systems. 
Therefore, diffusion coefficients of systems where solvation is changed are more 
difficult to compare. For example, one should take care not to compare the diffu- 
sion coefficients of neutral and charged systems without paying attention to the 
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possible effect of solvation. With the right approach, solvation can indeed be 
studied by diffusion NMR. One of the main limitations of diffusion NMR is that 
it does not provide local structural information on the investigated molecular sys- 
tems. Therefore, when studying supramolecular systems, diffusion NMR should 
be combined with other NMR methods that provide local structural information. 
Since NOE and NOESY are NMR methods for probing intermolecular interactions 
which provide also structural information, it seems that the combination of these 
major NMR techniques with diffusion should be beneficial. Indeed, during the last 
year, two extensive review articles were published emphasizing the value of this 
combination of NMR methodologies when studying intermolecular interactions 
[11a, b]. There, the focus was organometallic systems. 

Another factor that may further complicate the extraction of the “true” diffusion 
coefficient is the existence of exchange. Therefore, in the following section we will 
discuss briefly the effect of exchange on diffusion NMR. 


6.6 
Diffusion NMR and Chemical Exchange 


In the same way that chemical exchange between two different chemical sites may 
be followed by several other NMR techniques, diffusion NMR can be used to probe 
the exchange between sites that differ in their hydrodynamic characteristics. Ex- 
change rates are generally defined by their rates relative to the time scale of the 
NMR techniques used. These exchange processes can be defined as slow exchange 
when the individual sites can be distinguished or fast exchange where only a time- 
averaged site is observed. In diffusion NMR, fast and slow exchanges are defined 
relative to the diffusion time. In the two extreme cases (fast and slow exchange) 
the extraction of the real diffusion coefficient is relatively simple. In the case of 
fast exchange there is only one diffusing component and the data can be analyzed 
using Eqs. (6.10) and (6.11). In the case of slow exchange, the signal decay caused 
by diffusion can be analyzed using Eq. (6.17): 


INE S zaal iS Np, 
у“ лед y gô (^ 5) (6.17) 


In this equation, A; is the molar fraction having a diffusion coefficient Di. The 
more difficult cases to analyze are those of intermediate exchange. Under these 
conditions, a two site exchange model incorporating the mean lifetime of each 
site, the diffusion weighting, and the diffusion time as shown in equations 6.18а– 
f should be used to simulate the signal decay and extract the real diffusion coeffi- 
cient values [61]. The mathematical model is the following: there are two sites, 
namely A and B. In each site there are molecules which have different diffusion 
characteristics. DA and Dg are the diffusion coefficients of the two populations in 
the two sites, in the absence of exchange. P4 and Pg are the fractions of the two 
populations in each site in the absence of exchange and тд and тв represent the 
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average lifetime of each population in each site. When т — со there is no exchange 
since each population is at its "own" site. Thus, this model uses Da, Dg, Pa, Рв, 
Ta, tg and К (Eq. 6.18a) in order to calculate D1, D2, Р; and P; which are the diffu- 
sion coefficients and the two populations' fractions obtained as a result of the ex- 
change, respectively. This calculation is performed according to Eqs. (6.18b-e). 














K = y!g?&? (6.18a) 
Dı = 1 Da + Dg + 1/2 + | Dg — Da + 1 (1 1y" + à 
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(6.18b) 
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(6.18c) 
Ру = : (Pa Da + Pg Dg — D1) (6.18d) 
Pv е A B DB 1 . 
Pi =1- Р, (6.18е) 


After calculating Оу, D2, P4 and Р; according to Eqs. (6.18a—e), the signal decay 
(R) is simulated using Eq. (6.18f): 


В = P, exp (ко (^ Е >) ) + P, exp (ко, (^ = >) ) (6.18f) 


The effect of the diffusion time on the simulated signal decay for two exchang- 
ing sites with different diffusion coefficients is presented in Fig. 6.25 [61]. 

In the present discussion we wish to describe a different response of exchanging 
peaks when measured with the PGSE or the STE diffusion sequences as compared 
with the results obtained when diffusion is measured with the more recently pub- 
lished LED and BPLED sequences generally used in DOSY [62]. Fig. 6.26a-d shows 
the signal decay as a function of gradient strength (G) of the water peak (Fig. 
6.26a, b) and one of the peaks of the macrocycle 15c (Fig. 6.26c, d) in the CDCl; 
solution of [(15c);(H2O)s] obtained using BPLED (Fig. 6.26а, c) or PGSE (Fig. 
6.26b, d) sequences. This figure shows that the signal decay of the peak of 15c in 
the two sequences is exactly the same. However, the signal decay of the water peak 
is very different when collected with the two diffusion sequences. The graphs 
shown in Fig. 6.26e and f clearly demonstrates that this is a general phenomenon. 
The peaks of 15c show a mono-exponential signal decay which is exactly the same 
for all four sequences used. However, for the water peak, the signal decay in the 
PGSE and STE diffusion is mono-exponential and bi-exponential when collected 
with the LED and BPLED sequences, implying the existence of a fast and a slow 
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Fig. 6.25. Simulation of the effect of the diffusion time on the 
normalized signal decay for the two site exchange model as a function 
of the diffusion time (A) in a stimulated echo-based diffusion 
sequence. (Reproduced with permission from ref. [11c]. Copyright 2005 
Wiley-VCH.) 


diffusing component [62]. The question that arises is: “What is the difference be- 
tween the two peaks that resulted in a different response to the four different dif- 
fusion sequences used?" In addition, it is strange and annoying that two different 
diffusion responses are obtained when different sequences are used to characterize 
the same system. In the chloroform solution of [(152ј (20) ] there is only one 
water peak representing two different water pools which differ considerably in 
their diffusion coefficients. This means that, in fact, the two modern diffusion 
sequences ie. LED and BPLED produce an artifact in the water peak which 





Fig. 6.26. Signal decay of the water peak (a, b) and one representative 
peak of 15c (c, d) as a function of the gradient strength (C) in the 
CDCl; solution of [(156)5 (H2O)s] collected with a BPLED (а, c) and 
spin echo diffusion (b, d) sequence along with the normalized signal 
decay (In 1/10) as a function of the b-values taken with the sequences 
shown in Figs. 6.1 and 6.4 for (e) the water peak and (f) one of the 
peaks of 15c [62]. (Reproduced with permission from ref. [62]. 
Copyright 2005 American Chemical Society.) 
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exchanges between the two diffusion sites. When the different parameters were 
changed it was found that the spurious slow diffusing component of water ob- 
served in the LED and the BPLED originates from the te time period. This is dem- 
onstrated in Fig. 6.27 which shows the signal decay of the water peak collected 
with the BPLED diffusion sequence with different te values. It was found that the 





ъ ч вије 
3.0 ppm 3.0 Ppm 3.0 ppm 3.0 ppm 
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Fig. 6.27. The signal decay as a function of the gradient strength (G) 
of the water peak (a—d) and one representative peak of 15c (e-h) in 
the CDCl; solution of [(156)5 (H2O)a] collected with а BPLED sequence 
when the eddy-current delay time (te) was (a, e) 150 (b, f) 50 (c, g) 14 
and (d, h) 4 ms, respectively [62]. (Reproduced with permission from 
ref. [62]. Copyright 2005 American Chemical Society.) 


6.7 Summary and Outlook 


longer the te the larger the additional spurious slow diffusion component is. We 
shall not elaborate on the origin of this observation here but it is clear that one 
should exercise care when using DOSY packages, which routinely use the LED 
and BPLED sequences, when studying systems with exchange. More details can 
be found in reference [62]. 


6.7 
Summary and Outlook 


We have demonstrated that high-resolution diffusion NMR is a very simple, flexi- 
ble and accurate means for simultaneously obtaining diffusion coefficients in solu- 
tion on ensembles of peaks, using standard NMR technology, thus allowing the 
addition of the diffusion coefficient into the set of NMR parameters used to charac- 
terize supramolecular systems in solution. As the diffusion coefficient reflects the 
"effective" size and shape of the different molecular components in solution, it is 
an excellent tool for probing intermolecular interactions and, as such, is a valuable 
tool for determining the structure of supramolecular systems. Diffusion соећ- 
cients can be used to determine association constants, probe aggregation, encapsu- 
lation, hydration and ion-pairing and provide a means for estimating the mutual 
interaction in many bodied systems. Diffusion NMR can be applied, in principle, 
to all systems which have NMR spectra. It is more important in multicomponent 
systems especially those which are formed by self-aggregation where the supra- 
molecular system has the same symmetry as its monomer. 

For such supramolecular systems, diffusion NMR may be extremely important 
for the determination of the structure and dynamics of the system. Diffusion is 
also extremely important in determining the association constant in systems, 
which on their formation induce a small change in the NMR spectra, and in sys- 
tems in which chemical shift changes occur for reasons other than complexation, 
for example when protonation takes place. Diffusion NMR can also easily be used 
to probe the kinetic stability of multicomponent systems just by monitoring the 
effect of a small excess of one of the components on the diffusion coefficient of 
the supramolecular system. 

In addition, diffusion NMR can be used for “virtual separation" of a mixture or 
library of compounds, of modest size, and can provide an efficient and general 
means, which imposes no requirement on the investigated system, for screening 
for lead compounds and potential ligands and even for unknown receptors. An im- 
portant feature of diffusion NMR is that the measured parameter, i.e. the diffusion 
coefficient, is intuitively related to many of the phenomena studied in a much 
more direct and intuitive way than many of the more conventional and heavily 
used NMR parameters i.e. chemical shifts and relaxation times. In addition, diffu- 
sion is, in fact, a filter which can relatively easily be coupled to nearly any known 
NMR sequence. Even with current technology, diffusion measurement can be per- 
formed on a wealth of supramolecular systems. As it is anticipated that gradient 
technology will improve with time, and since we already have a large number of 
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diffusion sequences and commercial packages, we speculate that diffusion NMR 
will be increasingly used by supramolecular chemists in the near future. 

Until recently, most of the applications of diffusion NMR in the field of supra- 
molecular chemistry concentrated on such systems in solutions, but it seems that 
this approach should be equally useful for studying the interaction of molecules 
with surfaces. We believe that the diffusion coefficient, as measured by diffusion 
NMR, should be added to the arsenal of NMR parameters used to routinely charac- 
terize supramolecular systems. The triumph of diffusion NMR will be when it 
becomes as transparent as other NMR methods. 
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7 
Photophysics and Photochemistry of 
Supramolecular Systems 


Bernard Valeur, Mário Nuno Berberan-Santos and 
Monique M. Martin 


7.1 
Introduction 


This chapter is devoted to photoresponsive supramolecular systems undergoing in 
most cases light-induced processes such as electron transfer, charge transfer, en- 
ergy transfer, excimer formation, photoisomerization, etc. Such systems are con- 
ceived [1]: 


* for ion and molecule recognition using molecular luminescent sensors [2] 

* to perform specific functions triggered by light absorption, e.g. in supramolec- 
ular devices [3] 

* to mimick light-induced biological processes, e.g. artificial photosynthesis [4]. 


The aim of this chapter is to show how conventional spectrophotometry and 
spectrofluorometry, time-resolved fluorometry or anisotropy, and transient absorp- 
tion spectroscopy can be used to characterize, chemically and photochemically, 
supramolecular systems containing chromophores or fluorophores, and to follow 
in real time their photoresponse. 

In the first section, steady-state spectroscopy is used to determine the stoichiom- 
etry and association constants of molecular ensembles, emphasize the changes due 
to light irradiation and provide information on the existence of photoinduced pro- 
cesses. Investigation of the dynamics of photoinduced processes, i.e. the determi- 
nation of the rate constants for these processes, is best done with time-resolved 
techniques aiming at determining the temporal evolution of absorbance or fluores- 
cence intensity (or anisotropy). The principles of these techniques (pulse fluorom- 
etry, phase-modulation fluorometry, transient absorption spectroscopy) will be de- 
scribed, and in each case pertinent examples of applications in the fields of 
supramolecular photophysics and photochemistry will be presented. 


7.2 Spectrophotometry and Spectrofluorometry 


7.2 
Spectrophotometry and Spectrofluorometry 


Absorption and emission spectra provide basic information (molar absorption coef- 
ficients, luminescence quantum yields), but also their changes upon association 
between two species can be used to determine the stoichiometry and stability con- 
stant of host-guest complexes. Moreover, evidence for the existence of photo- 
induced processes can be simply obtained in some cases from the fluorescence 
spectra. 


7.2.1 
Determination of the Stoichiometry and Association Constant of Supramolecular 
Complexes from Spectrophotometric or Spectrofluorometric Titrations 


Let us consider a molecular entity L containing one or several chromophores or 
fluorophores that undergo changes in absorbance or fluorescence intensity upon 
association with a species M (ion or molecule). We examine first the simplest case 
where a 1:1 complex is formed: 


M+L2ML 


The stability of the complex ML is characterized by the equilibrium constant for 
which various terms are employed: stability constant, binding constant, association 
constant, affinity constant (Ks or В) or dissociation constant (Ka, reciprocal of Ks). 
From the thermodynamic point of view, the true equilibrium constant (that de- 
pends only on temperature) must be written with activities. But we will consider 
only dilute solutions so that the activity coefficients can be approximated to 1 (ref- 
erence state: solute at infinite dilution). Activities can then be replaced by molar 
fractions (dimensionless quantities), but in solution they are generally replaced by 
molar concentrations: 


К, = = (7.1) 


However, the true equilibrium constant is in fact а dimensionless quantity (according 
to the classical relation -AG? = RT In К,). All molar concentrations in the expres- 
sion of K, should thus be interpreted as molar concentrations relative to a standard 
state of 1 mol ат: that is, they are the numerical values of the molar concentra- 
tions [5]. If the solution is not dilute enough, the equilibrium constants can still be 
written with concentrations but they must be considered as apparent stability con- 
stants. 

When a second complex of stoichiometry 2:1 (M:L) is formed, the following equi- 
libria should be considered, assuming stepwise binding 
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М-Е = МІ 


МЕ+М = МІ 


The stepwise binding constants are defined as 


му 

Ки = їм (7.2) 
[M21] 

Кл = ім] (7.3) 


It is possible to write the formation of the 2:1 complex directly from І and M as 
follows 


2M +L & ML 


and to define an overall binding constant 


MoL 
Ва = MD (7.4) 
Generalization to a complex M,,L; can easily be made: 
mM + IL ем, 
with бы = НЕН (7.5) 
[M]"[L] 


In the following considerations, it will be assumed that the linear relationship 
between absorbance or fluorescence intensity and concentration is always fulfilled. 
Moreover, we will consider only the case where M does not absorb or emit light. In 
a titration experiment, the concentration of L is kept constant and M is gradually 
added. The absorption spectrum and/or the fluorescence spectrum are recorded as 
a function of the concentration of M. Changes in these spectra upon complexation 
allow one to determine the stability constant and the stoichiometry of the com- 
plexes. 

In the case of simple stoichiometries, it may be sufficient to monitor the varia- 
tions of absorbance or fluorescence intensity at an appropriate wavelength (chosen 
so that the changes are as large as possible), or the variations of the ratio of absor- 
bances or fluorescence intensities at two wavelengths. The relevant formulae to be 
used can be found in Ref. 6. 

Information on the stoichiometry of a complex can be obtained from the contin- 
uous variation method (Job's method) [6, 7], but this method is valid only when a 
single complex is formed. 
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Fig. 7.1. Corrected emission spectra of Calix-DANS4 (3.6 x 1079 M) in 
the presence of increasing concentration of Pb?* in CH3CN/H20 
(60:40 v/v) in lutidine buffer, pH 5.2. Ле« = 350 nm. Inset: Ratiometric 
calibration curve (O), and fraction of the species M;L3 and ML as а 
function of lead concentration. (Reprinted with permission from ref. 
[10а]. 


In the case of complex stoichiometries, and when several complexes can coexist 
in solution, data must be processed using several wavelengths simultaneously. 
This requires specific software. For instance, the commercially available SPECFIT 
Global Analysis System (V3.0 for 32-bit Window Systems) deserves attention. This 
software uses singular value decomposition and nonlinear regression modeling by 
the Levenberg-Marquardt method [8]. 

An example of the capabilities of this software is shown in Fig. 7.1. The fluores- 
cent molecular sensor Calix-DANS4 consisting of a calix[4]arene bearing four dan- 
syl groups (Scheme 7.1) offers an excellent selectivity for lead ion. Analysis by 
SPECFIT of the evolution of the whole fluorescence spectrum upon addition of 
lead ions revealed that a 2:3 complex and a 1:1 complex were successively formed 
with very high stability constants (log Ko = 33.5 + 1.5 and log Ki; = 10.0 + 0.5) 
[9, 10]. 


7.2.2 
Cooperativity and Anticooperativity 


When L can complex more than one M, cooperative binding can occur. There are 
many definitions of cooperativity but they are all consistent with the following cri- 
terion [7]: a system is 


Tab.7.1. Relative values of the stability constants in the case of n 


identical and independent binding sites [7] 
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n Ky Кл 
2 2 1/2 
3 3 1 
4 4 3/2 
5 5 2 
6 6 5/2 


1/3 
2/3 


4/3 


1/4 
1/2 
3/4 


1/5 
2/5 


1/6 





e noncooperative if the ratio K(j41);/Ki1 is equal to the statistical value calculated 
when all binding sites are identical and independent. These statistical values are 


given in Table 7.1. 


* positively cooperative if the ratio K(; уу / Ки is larger than the statistical value. 


e negatively cooperative (or anticooperative) if the ratio K(; туу / Ки is smaller than the 


statistical value. 


In particular, for a ditopic receptor that can bind successively two M (see above), 
the criterion for cooperativity is Kj; / Ка > 1/4, i.e. complexation of a second M is 


made easier by the presence of a bound M. 


For instance, a cooperative effect was observed with the bisanthraceno-crown 
ether 7.1 [11]. Complexation with a sodium ion brings closer together the two an- 
thracene units which favors excimer formation, as revealed by the increase of the 
excimer band appearing in the fluorescence spectrum. This makes easier the bind- 
ing of a second ion to form a 2:1 (metal:ligand) complex. The ratio of the stability 
constants K;;/K;; determined in acetonitrile from absorption spectra is equal to 


anas 


X OL 


S ~ 


Compound 7.1 
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Compound 7.2 


1.33, i.e. much greater than the statistical value of 1/4 that would be observed if the 
two binding sites were identical and independent. 

In contrast, an anticooperative effect was observed in the bis-crown calixarene 
7.2, a fluorescent molecular sensor for cesium [12]. The complexation of a second 
cesium ion is made more difficult by the presence of a bound cesium ion, as 
shown by the value of Кол that is is in fact much smaller than Ку (log Ki; = 6.68; 
log Kj; = 3.81 in ethanol). The ratio Ky, / Ki; is 1.3 x 1073, i.e. much smaller than 
the statistical value of 1/4. Such an anticooperative effect is most likely due to elec- 
trostatic repulsion between the two cations; an unfavorable conformational change 
induced in the free crown by the bound cation in the other crown can also be 
invoked. 


7.2.3 
Possible Differences in Binding Constants in the Ground State and in the Excited 
State 


In the case where a chromophore or a fluorophore of a supramolecular system is 
involved in the association with a species, the binding ability of this system may be 
different in the ground state and in the excited state. This occurs when a conforma- 
tional change is induced by light, or when a redistribution of charges in the excited 
state leads to changes in electrostatic interactions in a host-guest complex. 

If association and/or dissociation can occur during the lifetime of the excited 
state, the stability constants of the complex in the ground state and in the excited 
state may be different. The ground-state stability constant can be determined from 
titration using absorbance. The excited-state stability constant can be evaluated 
from titration using fluorescence, but only when the equilibrium is attained in 
the excited state, a condition that is rarely fulfilled because the lifetime of the ex- 
Cited state is often in the order of a few nanoseconds, which is too short for allow- 
ing diffusion-controlled association. 

However, a few examples of differences between binding ability in the ground 
state and in the excited state have been described. For compound 7.1 in acetoni- 
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trile, the overall stability constant fj, of the complex with two sodium ions deter- 
mined from absorption data (3.7 x 10*) was found to be lower than that from flu- 
orescence data (10°), which means that the complexation ability is greater in the 
excited state [11]. This is likely to be caused by the formation of long-lived excimers 
that offer two complexing loops. In fact, the stability constant Куу for the binding 
of a second sodium ion (500) is larger than that found in the ground state (200). 


7.2.4 
Information on Photoinduced Processes from Fluorescence Spectra 


Evidence for the existence of photoinduced processes occurring in supramolecular 
systems can be obtained in some cases: 


e a decrease in fluorescence intensity (quenching) upon association may be related 
to electron transfer; 

* a decrease in the fluorescence intensity of a donor and an increase in that of an 
acceptor can be used for the estimation of the energy transfer efficiency; 

* an appearance of a new emission band may be due to excimer (or exciplex) for- 
mation. 


Some examples will be now given. 
7.2.41 Photoinduced Electron Transfer іп а Calixarene-based Supermolecule 
Designed for Mercury lon Sensing [10] 


Calix-DANS2 (compound 7.3) bearing two dansyl fluorophores shows remarkable 
sensitivity and selectivity to Hg?^* with a detection limit of 0.3 uM. 


NMe, ММе> 





Compound 7.3 
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Fig. 7.2. Corrected emission spectra of Calix-DANS2 (1.6 х 10^? M) т 
the presence of increasing concentration of Hg?* in CH3CN/H2O 
(60:40 v/v) at pH 4.0. exc = 350 nm. Inset: Calibration curve as а 
function of mercury concentration. (Reprinted with permission from 


ref. [9]). 


Figure 7.2 shows the evolution of the emission spectra of Calix-DANS2 
(1.6 x 107? mol 171) upon addition of Наг“ in CH3CN/H20 (60:40 v/v) at pH 4.0 
(in order to observe the strongest photophysical effects). It can be seen that the flu- 
orescence of Calix-DANS2 is almost completely quenched upon Hg?* addition. 
Analysis of the whole emission spectra upon mercury binding reveals the forma- 
tion of a complex with a 1:1 stoichiometry and an apparent stability constant of 
1.5 x 107. The quantum yield of the 1:1 complex is estimated to be only 2.596 of 
the fluorescence quantum yield of Calix-DANS2. The strong quenching upon mer- 
cury binding can be tentatively explained in terms of electron transfer from the ex- 
cited dansyl fluorophore to the bound mercury ion. 

The nature of the quenching mechanism can be easily confirmed by recording 
the emission spectrum in a frozen solution (EtOH/MeOH mixture (9:1) at liquid 
nitrogen temperature). Under these conditions, the relative decrease in fluores- 
cence intensity expressed аз 1: /10 is equal to 0.82, while at room temperature it is 
0.23. Such a reduction in quenching efficiency in a frozen solution is characteristic 
of an electron transfer mechanism. In fact, immobilization of the solvent mole- 
cules in a frozen matrix prevents the reorganization of solvent molecules sur- 
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rounding the charge separated pair, and raises its energy. Electron transfer is thus 
less efficient in a rigid matrix, which explains the higher fluorescence intensity in 
such a medium. 


7.2.4.2 Excitation Energy Transfer іп an Inclusion Complex of a Multichromophoric 
Cyclodextrin with a Fluorophore 

Excitation energy transfer [13] is an important process occurring in multichromo- 
phoric supramolecular systems. A good example is provided by cyclodextrins con- 
taining several appended fluorophores with the aim at mimicking the photosyn- 
thetic light-harvesting antennae. In particular, the water-soluble f-cyclodextrin 
CD-St bearing seven steroidic naphthalene chromophores (Scheme 7.2) can form 
inclusion complexes with fluorescent dyes and in particular with oxazine 725 [14]. 
The formation of two complexes, CD-St:Dye and (CD-St);:Dye, was observed but at 
micromolar concentrations of CD-St and the dyes, the formation of the 1:1 com- 
plex can be ignored, and only the 2:1 complex will be considered here. This com- 
plex is an outstanding artificial antenna with 14 chromophores surrounding an en- 
ergy acceptor [15]. 


НОС mme 
НОС | 
o 
ClO, Cy 
/ 
HO 
№ o 
CD-St 





oxazine 725 


Scheme 7.2. Chemical structure of CD-St and oxazine 725, and 
schematic illustration of the 2:1 complex. (Adapted from ref. [15]). 


Figure 7.3 displays the evolution of the fluorescence spectrum upon CD-St exci- 
tation (ex: = 320 nm) when increasing the oxazine concentration at constant CD- 
St concentration. A progressive quenching of CD-St fluorescence is shown to be 
accompanied by an increase of oxazine fluorescence. Moreover, the fluorescence 
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Fig. 7.3. Corrected fluorescence spectra of CD-St/oxazine 725 

mixtures (exc = 320 nm) as a function of oxazine concentration. The 
CD-St concentration is constant during these experiments (6.8 uM). 
The spectra were corrected for the inner filter effect. Solvent: mixture of 
buffer at pH 10 (I = 0.1 M) and ethanol 95:5 (v/v). (Reprinted with 
permission from ref. [15]. Copyright 2000 American Chemical Society). 


emission arising from the dye exceeds the value expected from direct excitation of 
the dye. These observations show: (i) the formation of a complex between CD-St 
and oxazine; (ii) the process of energy transfer occurring from CD-St to oxazine. 

The evolution of the fluorescence intensity of CD-St (at 357 nm) as a function of 
oxazine concentration contains information on the stability constant of the com- 
plex and on the energy transfer efficiency. In fact, the latter is directly related to 
the asymptotic value of the fluorescence intensity (corresponding to full complex- 
ation). After correction for the inner filter effect, data analysis provides the value of 
(2.4 + 0.1) x 1010 for the association constant р = [(CD-St);:oxazine]/[2CD- 
St|?[oxazine]. Moreover, the asymptotic value of the fluorescence intensity is very 
close to zero within experimental error which means that the energy transfer effi- 
ciency is close to 1. However, a full characterization of these photoinduced pro- 
cesses requires time-resolved techniques (see below). 


7.3 
Time-resolved Fluorescence Techniques 


The determination of the rate constants for photoinduced processes in supramolec- 
ular systems is possible via time-resolved fluorescence techniques [16] provided 
that the characteristic times of these processes fall into the experimental time win- 
dow that is defined by the lifetime of the involved excited states. 


7.3 Time-resolved Fluorescence Techniques 


7.3.1 
General Principles 


The principles of time-resolved fluorometry are illustrated in Fig. 7.4. The ó-pulse 
response I(t) of a fluorescent sample (i.e. the fluorescence intensity decay in re- 
sponse to an infinitely short light pulse mathematically represented by the Dirac 
function ó(t): delta excitation) is, in the simplest case, a single exponential whose 
time constant is the excited-state lifetime, but more frequently it is a sum of dis- 
crete exponentials, or a more complicated function; sometimes, the system is char- 
acterized by a distribution of decay times. For any excitation function E(t), the re- 
sponse R(t) of the sample is the convolution product of this function by the ó-pulse 
response: 


R(t) = E(t) & I(t) = | E(t’) I(t — t) de’ (7.6) 


In pulse fluorometry, the sample is excited by a short pulse of light and the fluo- 
rescence response is recorded as a function of time. If the duration of the pulse is 
not negligible with respect to the time constants of the fluorescence decay, the flu- 
orescence response is the convolution product given by Eq. (7.6): the fluorescence 
intensity increases, goes through a maximum and becomes identical to the true 
ó-pulse response I(t) as soon as the intensity of the light pulse is negligible. In 
this case, data analysis for the determination of the parameters characterizing the 
ó-pulse response requires a deconvolution of the fluorescence response. 

In phase-modulation fluorometry, the sample is excited by a sinusoidally modu- 
lated light at high frequency. The fluorescence response, which is the convolution 
product (Eq. (7.6)) of the д-ршзе response by the sinusoidal excitation function, is 
sinusoidally modulated at the same frequency but delayed in phase and partially 
demodulated with respect to the excitation. The phase shift and the modulation 
ratio M (equal to m/mo), that is the ratio of the modulation depth m (AC/DC ratio) 
of the fluorescence and the modulation depth of the excitation mo, characterize the 
harmonic response of the system. These parameters are measured as a function of 
the modulation frequency. No deconvolution is necessary because the data are di- 
rectly analyzed in the frequency domain. 

It should be noted that the harmonic response is the Fourier transform of the 
ó-pulse response, as expressed by the following relation 


M ехр(—јФ) = [ i(t) ехр( јо) а (7.7) 


where о is the angular frequency (= 2zf) and i(t) is the normalized ó-pulse re- 
sponse according to 
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Consequently, the following useful relations are obtained: 
-f P 2 211/2 
Ф = tan о and М= [р^ +04 (7.8) 


where Р and О are the sine and cosine transforms of the д-ршве response. 

The preferred excitation-detection geometry for the study of macroscopic sam- 
ples (typically a solution in a cuvette) is the right angle geometry, except when ul- 
trashort laser pulses are used such as in fluorescence up-conversion experiments, 
where artifacts due to group velocity dispersion effects can spoil the measure- 
ments, as described in Section 7.5.2. 


7.3.2 
Pulse Fluorometry 


The most widely used technique in time domain is the time-correlated single-photon 
counting technique, preferably called single-photon timing technique (SPT). Time- 
gated systems are less popular. Streak cameras offer a very good time resolution (a 
few picoseconds or less) but the dynamic range is smaller than that of the single 
photon-timing technique. The instruments that provide the best time resolution 
(a few tens of femtoseconds) are based on fluorescence up-conversion, but they are 
very expensive and not commercially available. Only the single photon timing tech- 
nique will be presented below. 

The basic principle of this technique relies on the fact that the probability of de- 
tecting a single photon at time t after an exciting pulse is proportional to the fluo- 
rescence intensity at that time. After timing and recording the single photons fol- 
lowing a large number of exciting pulses, the decay of the fluorescence intensity is 
reconstructed. 

Figure 7.5 shows a schematic diagram of a conventional single-photon timing in- 
strument using a pulsed laser or a flash lamp and a monochromator. An electrical 
pulse associated to the optical pulse is generated (e.g. by a photodiode or the elec- 
tronics associated to the excitation source) and routed – through a constant-fraction 
discriminator — to the start input of the time-to-amplitude converter (TAC). Mean- 
while, the sample is excited by the optical pulse and emits fluorescence. The optics 
is tuned (e.g. by means of a neutral density filter) so that the photomultiplier de- 
tects no more than one fluorescence photon for each exciting pulse. The corre- 
sponding electrical pulse is routed — through a constant-fraction discriminator — 
to the stop input of the TAC. The latter generates an output pulse whose amplitude 
is directly proportional to the delay time between the start and the stop pulses. The 
height analysis of this pulse is achieved by an analogue-to-digital converter and a 
multichannel analyzer (MCA) which increases by one the contents of the memory 
channel corresponding to the digital value of the pulse. After a large number of ex- 
citation and detection events, the histogram of pulse heights represents the fluo- 
rescence decay curve. 
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Fig. 7.5. Schematic diagram of a single photon timing instrument. 


Obviously, the larger the number of events, the better the accuracy of the decay 
curve. The required accuracy depends on the complexity of the 6-pulse response of 
the system; for instance, a high accuracy is of course necessary for recovering a dis- 
tribution of decay times. 

When deconvolution is required, the time profile of the exciting pulse is re- 
corded under the same conditions by replacing the sample by a scattering solution 
(e.g. a suspension of colloidal silica (Ludox)). 

It is important to note that the number of detected fluorescence photons must 
be kept much smaller that the number of exciting pulses (<0.01–0.05 stops per 
pulse), so that the probability of detecting two fluorescence photons per exciting 
photon is negligible. Otherwise, the TAC will take into account only the first fluo- 
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rescence pulse and the counting statistics will be distorted: the decay will appear 
shorter than it is in reality. This effect is called “pile-up effect". 

Flash lamps running in air, or filled with gas, can be used, but the range of exci- 
tation wavelengths is limited, they deliver nanosecond pulses, and the repetition 
rate is not high (10*—10° Hz). It is thus preferable to use mode-locked dye lasers 
and titanium-doped sapphire lasers: in fact, they can generate pulses over broad 
wavelength ranges, and the pulse widths are in the femtosecond and picosecond 
ranges with a high repetition rate. Dye lasers require handling of large volumes of 
dye solutions which must be replaced when the dye is bleached. In contrast, the 
Ti:sapphire laser is a solid-state laser that does not have this drawback and delivers 
shorter light pulses. Moreover, long operational lifetime, operational simplicity, re- 
liability and broad tunability are distinct advantages. For these reasons, Ti:sapphire 
lasers are becoming more and more popular. 

Picosecond diode laser heads offer an interesting alternative to mode-locked la- 
sers. They are much less expensive. They can produce light pulses as short as 50— 
90 ps with repetition rates from single shot to 40-80 MHz. Peak powers up to 500 
mW can be obtained. However, the main disadvantage is the absence of tunability, 
and the number of wavelengths is limited: 375, 400, 440, 635 to 1550 nm. No wave- 
length below 375 nm is presently available. 


7.3.3 
Phase-modulation Fluorometry 


In the case of a single exponential decay, the decay time can be determined 


Į 
e by phase measurements: tọ = — tan Ф 


| 1 1/2 
* by modulation measurements: тм = — M 1 
© 


The values measured in these two ways should of course be identical and inde- 
pendent of the modulation frequency. This provides two criteria to check whether an 
instrument is correctly tuned by using a lifetime standard whose fluorescence 
decay is known to be a single exponential. Note that a significant difference be- 
tween values obtained by means of the above equations is a compelling evidence 
of nonexponentiality of the fluorescence decay. 

A single frequency suffices for measuring the decay time of a single exponential 
decay but the frequency should be chosen such that от is not too different from 1, 
ie. f ~ 1/(2лт). Therefore, for decay times of 10 ps, 1 ns, 100 ns, the optimum 
frequencies are about 16 GHz, 160 MHz, 1.6 MHz, respectively. 


7.3.3.1 Phase Fluorometers using a Continuous Light Source and an Electro-optic 
Modulator 

A schematic diagram of such instruments is given in Fig. 7.6. The light source can 
be a xenon lamp associated with a monochromator. The optical configuration 
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Fig. 7.6. Schematic diagram of a phase-modulation fluorometer using 
a CW light source (xenon lamp or laser) and a Pockels cell as a 
modulator. 


should be carefully optimized because the electro-optic modulator (usually a 
Pockels cell) must work with a parallel light beam. The modulation frequency typ- 
ically ranges from 0.1 to 300 MHz. The advantages are the low cost of the system 
and the broad range of excitation wavelengths. 

In terms of light intensity and modulation, it is preferable to use a CW laser 
whose cost is not very high as compared to mode-locked pulsed lasers. The avail- 
able wavelengths are the following: He-Cd: 325; 442.5 nm. He-Ne: 543.3; 594.1; 
611.9; 632.8 nm. Ar*: 457.9; 476.5; 488; 514.5 nm. 

A beam splitter reflects a few percents of the incident light towards a reference 
photomultiplier (via or not a cuvette containing a reference scattering solution). 
The fluorescent sample and a reference solution (containing either a scatterer or a 
reference fluorescent compound) are placed in a rotating turret. The emitted fluo- 
rescence or scattered light is detected by a photomultiplier through a monochro- 
mator or an optical filter. The Pockels cell is driven by a frequency synthesizer 
and the photomultiplier response is modulated by varying the voltage at the second 
dynode by means of another frequency synthesizer locked in phase with the first 
one. The two synthesizers provide modulated signals that differ in frequency by a 
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few tens of Hz in order to achieve cross-correlation. This procedure offers an excel- 
lent accuracy because the phase and modulation information contained in the sig- 
nal is transposed to the low frequency domain where phase shifts and modulation 
depths can be measured with a much better accuracy than in the high frequency 
domain. For instruments using a CW laser, the standard deviations are currently 
0.1-0.2° for the phase shift and 0.002–0.004 for the modulation ratio. When the 
light source is a xenon lamp, these standard deviations are ca. 0.5? and 0.005, 
respectively. 

Practically, the phase delay yp and the modulation ratio mg of the light scattered 
by a solution of glycogen or a suspension of colloidal silica are measured with re- 
spect to the signal detected by the reference photomultiplier. Then, after rotation of 
the turret, the phase delay фр and the modulation ratio mp for the sample fluores- 
cence are measured with respect to the signal detected by the reference photo- 
multiplier. The absolute phase shift and modulation ratio of the sample are then 
Ф = фр — фр and M = тр/тв, respectively. 


7.3.3.2 Phase Fluorometers using the Harmonic Content of a Pulsed Laser 
A laser system that delivers pulses in the picosecond range with a repetition rate of 
a few MHz can be considered as an intrinsically modulated source. The harmonic 
content of the pulse train — which depends on the width of the pulses — extends to 
several gigahertz. The limitation is due to the detector. For high frequency mea- 
surements, it is absolutely necessary to use microchannel plate photomultipliers 
(that have a much faster response than usual photomultipliers). The highest avail- 
able frequencies are then about 2 GHz. As for pulse fluorometry, Ti:sapphire lasers 
are most suitable for phase fluorometry, and decay times as short as 10—20 ps can 
be measured. 

It should be noted that internal cross-correlation is not possible with microchan- 
nel plate photomultipliers, but an external mixing circuit can be used. 


7.3.4 
Data Analysis 


In both pulse and phase fluorometries, the most widely used method of data anal- 
ysis is based on a nonlinear least-squares method. The basic principle of this 
method is to minimize a quantity which expresses the mismatch between data 
and fitted function. This quantity is the reduced chisquare 72 defined as the 
weighted sum of the squares of the deviations of the experimental response R(t;) 
from the calculated ones R,(t;): 


N A |? 
йе у | ды! (7.9) 


i=l a(i) 





where N is the total number of data points and o(i) is the standard deviation of the 
ith data point, i.e. the uncertainty expected from statistical considerations (noise). v 
is the number of degrees of freedom (v — N—p, where p is the number of fitted param- 
eters). The value of 72 should be close to 1 for a good fit. 
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In the single-photon timing technique, the statistics obeys the Poisson distribution 
and the expected deviation o(i) is approximated to [R(t;)] V? so that Eq. (7.9) be- 
comes 





(7.10) 


i= 


In phase fluorometry, no deconvolution is required: curve fitting is indeed per- 
formed in the frequency domain, i.e. directly using the variations of the phase shift 
Ф and the modulation ratio M as functions of the modulation frequency. Phase 
data and modulation data can be analyzed separately, or simultaneously. In the lat- 
ter case the reduced chi-squared is given by 


У BO = zc LS [ren E 2 | (958) 


i=l са(0%) i=l om (wi) 





№ = 
Т y 





where N is the total number of frequencies. In this case, the number of data points 
is twice the number of frequencies, so that the number of degrees of freedom is 
v — 2N-p. In phase fluorometry data analysis requires the knowledge of the sine 
and cosine of the Fourier transforms of the 6-pulse response. This is of course not 
a problem for the most common case of multiexponential decays, but in some 
cases, the Fourier transforms may not have analytical expressions, and numerical 
calculations of the relevant integrals are then necessary. 

In addition to the value of 72, it is useful to display graphical tests. The most im- 
portant of them is the plot of the weighted residuals defined as 


ЕСТ (7.12) 


where a(i) = [R(t;)] 1/2 for single-photon counting data. The fit is satisfactory when 
the weighted residuals are randomly distributed around zero. 

In some cases, a distribution of decay times best describes the observed phenom- 
ena. The recovery of such distributions is very difficult. The data can be analyzed 
either by methods that do not require an a priori assumption of the distribution 
shape [17, 18], or by using a mathematical function describing the distribution 
[19]. 


7.3.5 
Examples 


7.3.5.1 Photoinduced Electron Transfer in а Self-assembled Zinc Naphthalocyanine- 
Fullerene Diad 

The self-assembled diad formed by axial coordination of zinc naphthalocyanine 
(ZnNc) and fulleropyrrolidine bearing a coordinating imidazole ligand (CgoIm) is 
a good example of a supramolecular system undergoing photoinduced electron 
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Fig. 7.7. Fluorescence decay profiles of a) ZnNc (0.03 mM) in toluene; 
b) and c) are the decay profiles of the diad ZnNc:Cegl (0.3 mM) in 
o-dichlorobenzene and toluene, respectively. Zex: = 410 nm and 

Aem = 775 nm. (Reprinted with permission from ref. [20]). 


transfer (Scheme 7.3) [20]. This process was monitored by both time-resolved fluo- 
rescence and transient absorption techniques. Figure 7.7 shows the monoexpo- 
nential decay of ZnNc (to = 2.42 ns) and the biexponential decay of the diad 
ZnNc:Cgolm (71 ps (60%) and 2.14 ns (40%) in toluene). 
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Scheme 7.3. Structure of the zinc naphthalocyanine-fullerene diad 
(ZnNc). (Reprinted with permission from ref. [20]). 
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The short component reveals a quenching due to photoinduced electron transfer 
from the singlet ZnNc to СъоПи, as proven by transient absorption spectroscopy. 
From the above values of decay times, the rate constant and quantum yield for elec- 
tron transfer can be calculated according to the following relations: 


kpgr = 1/1 — 1/50 


Oper = 1 = т/то 


where то and т are the decay times measured in the absence and the presence of 
the acceptor (Со), respectively. In toluene, the values of Евг and Фрет are 
1.4 x 1010 57! and 0.97, respectively, which suggest efficient charge separation in 
the diad. 


7.3.5.2 Excitation Energy Transfer in a Self-assembled Zinc Porphyrin—Free Base 
Porphyrin Diad 

The self-assembled diad ZnP-PH;P consisting of a zinc porphyrin donor and a free 
base porphyrin acceptor (Scheme 7.4) was studied by time-resolved fluorescence 
[21]. The driving force of the assembly is the site selective binding of an imidazole 
connected to a free base porphyrin. Evidence for Fórster back transfer was obtained 
from the analysis of the fluorescence decay (Fig. 7.8) and the relevant rate was 
quantitatively evaluated for the first time. The transfer efficiency [13] is 0.98, and 
the rate constants for direct and back transfer were found to be 24.4 x 10? 51 
and 0.6 x 10? 5-1, respectively. These values are consistent with the Forster energy 
transfer mechanism. 
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Scheme 7.4. Structure of ZnP-PH;P diad. 
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Fig. 7.8. Fluorescence decay curves of ZnP-PH5P recorded at three 
wavelengths. The full lines represent the best fit resulting from a global 
analysis of the three curves with a sum of four exponentials (see text). 
Aexc: 430 nm. The observation wavelengths are indicated in the figure. 
A risetime of the fluorescence intensity is clearly seen at 712 nm; it is 
due to the formation of excited acceptors resulting from energy 
transfer. 


7.3.5.3 Excitation Energy Transfer in an Inclusion Complex of a Multichromophoric 
Cyclodextrin with a Fluorophore 

As an example of excitation energy transfer studied by time-resolved fluorescence, 
let us take again the case of the inclusion complex of the multichromophoric cyclo- 
dextrin CD-St with oxazine 725 described in Section 7.2.4.2 [15]. Figure 7.9 shows 
the fluorescence decay of CD-St: the very first part of the decay is due to energy 
transfer [13] from the steroidic naphthalene fluorophores to oxazine 725. Data 
analysis led to an average decay time for transfer of about 25 ps, which is quite 


fast, as expected from the short average distance between donor and acceptor 
(x 9-10 À). 


7.3.5.4 Excimer Formation of Cyanobiphenyls in a Calix[4]resorecinarene Derivative 
In the supermolecule CRA-CB, four cyanobiphenyl groups (CB) are linked in a par- 
allel direction to a calix[4]resorecinarene (CRA) [22] (Scheme 7.5) with the aim of 
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Scheme 7.5. Structure of the calix[4]resorecinarene containing four 
cyanobiphenyl groups. (Redrawn from ref. [22]). 


developing photoresponsive liquid crystals in which a monolayer of CRA on a solid 
substrate functions as the photo-driven command surface. Figure 7.10 shows the 
time-resolved fluorescence of the monomer and excimer bands. From data anal- 
ysis, the rate constant for excimer formation and dissociation were estimated to be 
1.9 x 10? s-! and 4 x 107 5"!, respectively. These values are significantly smaller 
than those for a liquid crystal of 4-cyano-4"-octyloxybiphenyl. The existence of pre- 
formed head-to-tail dimers in the latter case is likely to be responsible for the dif- 
ference. On the other hand, in CRA-CB, the repulsive force between the fairly large 
dipole of the parallel CB groups hinders excimer formation that requires a twisting 
motion of these groups around a bond connecting to the CRA moiety. 


7.4 
Fluorescence Anisotropy 


The size of a supramolecular object, as well as the orientational mobility of fluoro- 
phores can be determined by the measurement of fluorescence anisotropy. Energy 
transfer between identical fluorophores, also studied by fluorescence anisotropy, 
gives information on their relative distance. Fluorescence anisotropy can also be 
used to evaluate the state of association and the location of a fluorophore. Such 
measurements require the use of polarized light. 
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Fig. 7.10. Fluorescence rise and decay curves of band M (monomer) 
and band E (excimer) (at 365 and 420 nm, respectively) recorded at 
two different channel widths. Хех: 297 nm. The instrumental response 
function for the excitation laser pulse is shown in figure a. (Reprinted 
with permission from ref. [22]). 


7.4.1 
Principles 


In classical terms, radiation is represented by an electromagnetic wave. The polar- 
ization of plane-wave radiation is defined by the way the oscillating electric field 
evolves in space, in a plane perpendicular to the direction of propagation. The 
most general polarization state is called elliptical polarization [23], but for lumines- 
cence applications the subset of linear polarization states usually suffices. In these 
cases the electric field vector oscillates along a well defined direction in a plane per- 
pendicular to the direction of propagation. This direction is the polarization direc- 
tion, and radiation with this characteristic is said to be linearly polarized. 


7.4 Fluorescence Anisotropy 


If a beam of polarized radiation is passed through a linear polarizing filter, the 
intensity transmitted is a function of the angle between the filter polarization axis 
and the polarization direction of the beam. When the angle is zero, all radiation is 
transmitted (for an ideal filter; there are always losses by reflection, background ab- 
sorption, etc); when the angle is 90°, all radiation is blocked (absorbed) by the filter. 
For intermediate angles, the fraction of intensity transmitted is given by the square 
of the co-sine of the angle (Malus law). This is easily understood as the electric 
field vector can be decomposed in two orthogonal components, one along the po- 
larization axis that is transmitted, and one along the perpendicular direction that is 
absorbed. Since intensity is proportional to the square of the electric field ampli- 
tude, the Malus law follows. 

Ordinary (incoherent) light is seldom fully polarized, and a beam of depolarized 
(or natural) light can be considered a mixture, in equal amounts, of two (incoher- 
ent) beams polarized in arbitrary but orthogonal directions. 

In the general case, a beam of partially polarized incoherent radiation can be 
considered a mixture, in unequal amounts, of two (incoherent) beams polarized in 
orthogonal directions. 

The linear polarization P of the beam is given by 


Imax = Imin 
P = ———— 7.13 
Imax + Imin | ) 


where Imax is the maximum intensity recorded after passing the beam through a 
polarizing filter, and Imin is the minimum intensity recorded after passing the 
beam through a polarizing filter. The denominator is the total intensity of the 
beam. The filter orientations for maximum and minimum intensities, which are 
perpendicular, are a priori unknown, but correspond to perpendicular orientations. 
The polarization parameter P can take values between 0 and 1, P = 0 correspond- 
ing to unpolarized radiation, and P = 1 to fully linearly polarized radiation. 

In fluorescence studies, spontaneous emission almost always dominates, hence 
radiation coming from the different fluorophores of a sample is incoherent. 

The preferred excitation-detection geometry for the study of macroscopic sam- 
ples is the right angle geometry [24]. In order to maximize the polarization of the 
emitted fluorescence, excitation is made with linearly polarized radiation. The di- 
rection of polarization is usually the vertical direction (see Fig. 7.11). 

The polarization of the fluorescence emitted at 90° is determined by measuring 
the intensities of the vertically polarized fluorescence (1) and of the horizontally 
polarized fluorescence (I,), i.e., the intensities after the fluorescence has passed 
through a polarizer with the polarizing axis set at the vertical and horizontal orien- 
tations, respectively. The resultant parameter is the fluorescence polarization p, 


p (7.14) 
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Fig. 7.11. Usual geometry for measuring the fluorescence anisotropy (right angle geometry). 


In the common case of one-photon absorption, the fluorescence polarization can 
take values between —1/3 and 1/2. Unlike the beam polarization P (one has 
P = |p|), the fluorescence polarization p can take negative values. This indicates 
that the direction of maximum intensity has rotated by 90°, with respect to the ex- 
citation direction. 

Fluorescence polarization cannot attain the +1 theoretical limits for maximum 
beam polarization owing to the nature of the absorption and emission processes, 
which usually correspond to electric dipole transitions. Although the excitation 
with linearly polarized radiation favours certain transition dipole orientations 
(hence certain fluorophore orientations, and the so-called photoselection process oc- 
curs), a fairly broad angular distribution is still obtained, the same happening after- 
wards with the angular distribution of the radiation of an electric dipole. The result 
being that, in the absence of fluorophore rotation and other depolarization pro- 
cesses, the polarization obeys the Levshin— Perrin equation, 


_ 3cos?a-1 


= .15 
cos? а + 3 (715) 


where « is the angle made by the absorption and emission transition dipoles of the 
fluorophore. It is normally preferable to work with the quantity anisotropy, r, for- 
mally defined by Jablonski but already used by F. Perrin [25], 


| Ц 2p 


7.16 
Ij +21, 3— p ( ) 
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whose denominator is proportional to the fluorescence intensity, which is emitted 
in all directions and not only along the direction of observation. This quantity leads 
to simpler relations. For instance, Eq. (7.15) becomes 


т = – (3 cos? х — 1) (7.17) 


an) eR 


The one-photon anisotropy takes values between —1/5 and 2/5. The highest 
value is attained for collinear absorption and emission transition moments, i.e. 
namely when exciting in the 50-51 transition. 

In general, and following delta-pulse excitation, the fluorescence anisotropy can 
be written as a time-dependent ensemble average 


T T cos? Ө(ї) — *) (7.18) 





2 


where го is the so-called fundamental anisotropy that depends only on the angle а 
between the absorption and emission transition moments, Eq. (7.17), and 6 is the 
angle between the emission transition moment at time t= 0 and the emission 
transition moment at a later time. 

The two most important depolarization mechanisms that give rise to a time- 
dependent anisotropy are fluorophore rotation and energy transfer. Energy transfer 
leads to depolarization as the hopping of excitation from one fluorophore to an- 
other, when not parallel, is equivalent to an angular displacement. 

For an excitation function E(t), the anisotropy can still be defined by Eq. (7.16), 
and becomes [26] 


E(t) & rŒ) I(t) 
r(t) = ел (7.19) 


where I(t) is the fluorescence intensity decay in response to delta excitation (see 
section 7.3.1), and 69 stands for the convolution between two functions, see Eq. 
(7.6). The steady-state anisotropy, r, in particular, is obtained as 


(7.20) 


For a molecule, macromolecule or supramolecular complex undergoing isotropic 
rotational diffusion, Eq. (7.18) reduces to [24] 


r(t) = ro exp(—t/t;) (7.21) 
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where т, is the rotational correlation time, approximately given by 


YS 


= (7.22) 


Tr 
where у is the viscosity of the medium, V is the hydrodynamic volume of the par- 
ticle, k is the Boltzmann constant and T is the temperature. The corresponding 
steady-state anisotropy is given by the Perrin equation, 


To 


do 


(7.23) 

Measurement of the correlation time, and provided the viscosity of the medium 
is known, allows the determination of the hydrodynamic volume, hence the size 
of the particle where the fluorophore is embedded. This may in turn reflect an 
association process. For non-spherical particles, the anisotropy decay is given by 
more complex relations [24]. A time-dependent anisotropy may also indicate intra- 
molecular mobility. 

In the case of Fórster resonance energy transfer (FRET) [13], i.e. energy transfer by 
the dipole-dipole mechanism, and for randomly oriented donor-acceptor pairs, the 
depolarization after one transfer step (ensemble average) is almost complete [27]. 
For this reason, fluorescence anisotropy is a good indicator of energy transfer be- 
tween identical fluorophores, hence of relative distances. Existence of efficient 
FRET may therefore reflect an association process. 

Fluorescence anisotropy is an additive quantity when weighted by the fraction of 
total intensity emitted, i.e. if several different fluorophores are present in a sample, 
or if a single fluorophore is present in several different environments, the total ani- 
sotropy measured at a given wavelength will be given by [26] 


r(t) = У ^ ai(t)ri(t) (7.24) 


where «;(t) is the fraction of the emitted radiation corresponding to the ith species, 
and r;(t) is the respective anisotropy. The same holds for the steady-state aniso- 
tropy, which can be written as 


P=) añ (7.25) 

In practice, the optics and the detection system respond differently to different 
polarizations, and a correction factor G must be introduced in Eq. (7.16) for the cal- 
culation of anisotropy [16a]: 


ЕЕ Пас 


= ——————— 7.26 
у Ij +201 ( ) 


In steady-state measurements, G is usually evaluated by additionally remeasur- 
ing the two polarized fluorescence intensities, but now using horizontally polar- 
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ized excitation. These two components are identical, owing to the symmetry of the 
problem, and any difference in the recorded intensities must result from an instru- 
mental polarization bias (assuming perfect time-stability of the instrument). In 
time-resolved measurements, use of a depolarizer (scrambler) after the emission po- 
larizer but before the monochromator obviates the need for such a correction, pro- 
vided exactly the same accumulation time is used for both polarized components. 
It is also possible to perform a determination of the G factor analogous to that de- 
scribed above for steady-state measurements, by using horizontally polarized exci- 
tation [16c]. The two recorded decays should now be integrated over time. Another, 
less general correction method in time-resolved decays is based on the principle of 
tail matching [16c]: For sufficiently long times, and if the anisotropy has already de- 
cayed to zero (this is not always the case, even when there is depolarization, see 
e.g. the cyclodextrin example below), the Ij; and I, decays must coincide. It is also 
common to perform a global analysis of the two polarized components [16a, 16c], 
without the need to previously compute the quantity anisotropy, hence by-passing 
the calculation of the G factor. This is however a risky procedure whenever the flu- 
orescence intensity decay or the anisotropy decay is complex. 

In time-resolved fluorescence, Eq. (7.19) must be used for directly fitting the ani- 
sotropy decay whenever the anisotropy decay is fast enough for an anisotropy de- 
crease to be significant within the pulse duration. Equation (7.19) can also be used 
to compute the anisotropy corresponding to the phase-modulation technique [26]. 


7.4.2 
Examples 


7.4.2! Supramolecular Polymer Length 

The coordination of ditopic fluorescent ligands A with a metal ion M (Zn?*) 
leads to the formation of linear supramolecular polymers [28] of the (A-M), type 
(Scheme 7.6). 

The average length n is critically dependent on the [M]/[A] ratio, a maximum av- 
erage length being expected for a 1:1 ratio. For [M]/[A] « 1, isolated A monomers 
predominate, while for [M]/[A] > 1 small complexes of the type MAM predomi- 
nate. This can be shown by measuring the steady state anisotropy of solutions of 
A and M in a 3:2 chloroform-methanol mixture as a function of [M]/[A], see Fig. 
7.12. 

The perylene bisimide chromophore was excited in the So-S; transition, to en- 
sure the highest possible anisotropy value, cf. Eq. (7.17). For the monomer A, the 
anisotropy has the value 0.045, that reflects a considerable depolarization owing to 
molecular rotation, cf. Eq. (7.23). However, the anisotropy steadily increases upon 
addition of the metal ion until a maximum of 0.133 is attained for a 1:1 ratio. This 
indicates the formation of progressively longer linear polymers whose rotation is 
increasingly slower, thus leading to higher anisotropy values, cf. Eq. (7.25). As ex- 
pected, the anisotropy starts to decrease for [M]/[A] > 1, but stabilizes near 0.091, 
indicating that the dominant species present for [M]/[A] > 1 is larger than the 
monomer. Two important pieces of information had to be obtained before the 
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Scheme 7.6. Formation of supramolecular polymers upon addition of 
zinc triflate. When zinc(II) is in excess, the 2:1 complex dominates. 
(Reprinted with permission from ref. [28]. Copyright 2005 American 
Chemical Society). 
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Fig. 7.12. Steady-state fluorescence anisotropy as a function of the 
Zn?* [monomer ratio. (Reprinted with permission from ref. [28]. 
Copyright 2005 American Chemical Society). 


above results could be interpreted. The first is that the monomer does not change 
its fluorescence properties (quantum yield, lifetime, spectrum) upon complexation 
with the metal ion. The second is that the depolarization by energy transfer be- 
tween fluorophores in the polymer is not important, as the transition moments 
are aligned along the polymer longitudinal axis and are therefore all collinear. 


7.4.2.2 Excitation Energy Hopping in Multichromophoric Cyclodextrins 
To illustrate the use of fluorescence anisotropy in the elucidation of energy transfer 
between identical fluorophores, multichromophoric cyclodextrins [29] similar to the 
CD-St described in Section 7.2.4.2 are considered, but now in the absence of a dye. 

In these multichromophoric cyclodextrins the fluorophores are randomly ori- 
ented. Excitation of one of the naphthoate fluorophores is followed by efficient 
dipole-dipole excitation energy transfer between the seven fluorophores, with a Fór- 
ster radius of 14 À. This process is not detectable by fluorescence intensity mea- 
surements, as neither the intensity nor the decay law are affected by energy 
transfer between identical fluorophores (also called homotransfer). The dynamics 
of energy hopping are on the other hand reflected in the fluorescence anisotropy. 
To avoid depolarization by rotational motion of the fluorophores, experiments 
were conducted in a low temperature and optically clear rigid glass (9:1 ethanol- 
methanol at 110 K). 

The time-resolved anisotropy, Fig. 7.13, decays from an initial value of 0.291 to a 
constant value (0.042) that is reached in about 2 ns. The final value is exactly one- 
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Scheme 7.7. Cyclodextrin CD7(6) and the excitation energy hopping process. 
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Fig. 7.13. Fluorescence anisotropy decay of the CD7(6) cyclodextrin in 


a low temperature rigid glass. (Reprinted with permission from ref. 
[29]. Copyright 1999 American Chemical Society). 
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seventh of the initial anisotropy, and can be understood on the basis of Eq. (7.24): 
for sufficiently long times, the excitation is equally shared by the seven fluoro- 
phores; however, the indirectly excited ones emit depolarized (r — 0) fluorescence, 
hence the overall anisotropy is ro/7. From the time-dependent part of the aniso- 
tropy decay, an average reciprocal rate constant for transfer of 51 ps is obtained. A 
full analysis of the decay dynamics leads to an average distance between neigh- 
bouring fluorophores of 6 À, in good agreement with the results of steady-state ani- 
sotropy and with molecular models. 

Analogous results were obtained for the uncomplexed CD-St heptachromophoric 
cyclodextrin discussed in Section 7.2.4.2. In this case however, and owing to the 
larger Fórster radius for homotransfer (22 À), the leveling of the anisotropy occurs 
in ca. 100 ps, and the average reciprocal rate constant for transfer is only 2.4 ps 
[14]. Nevertheless, a similar nearest neighbor distance (7 À) is recovered. 


7.5 
Transient Absorption Spectroscopy 


In the previous sections, it has been shown how powerful the time-resolved fluo- 
rescence techniques are in real time probing of photoinduced processes and in al- 
lowing the determination of reaction rates from fluorescence lifetimes. The pres- 
ent section is devoted to the method of UV/vis transient absorption spectroscopy, 
which is a key method in probing non emissive species and is thus crucial to detect 
photoreaction products or intermediates following optical excitation of molecules 
in their electronic excited states. When carried out on short time scales, i.e. with 
femtosecond to subnanosecond excitation sources, fluorescent species can also be 
detected by their stimulated emission. Combining time-resolved fluorometry and 
transient absorption spectroscopy is ideal for the study of photochemical and 
photophysical molecular processes. 


7.5.] 
General Principles 


Time-resolved UV/vis absorption spectroscopy has been initiated by Norrish and 
Porter who developed flash photolysis in the late 1940s, opening the way to the de- 
tection of transient chemical species with time resolution of a few microseconds 
[30, 31]. The present state of art transient absorption techniques allow detection 
of chemical intermediates with less than 10 fs resolution. The techniques used de- 
pend on the explored time scale but the principle, which is illustrated in Fig. 7.14, 
is the same. 

The sample S is irradiated with a UV or visible light pulse (pump P) the wave- 
length of which is tuned to an electronic transition of the solute. The temporal be- 
havior of the excited-state population and of the species produced is then probed 
with a second light pulse (probe p). The fluence of the probe pulse is much smaller 
than that of the pump pulse so that it does not perturb the existing populations but 
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Fig. 7.14. Principle of pump-probe experiments with two short pulses. 
The photoinduced processes are probed by applying the Beer-Lambert 
law to the probe beam. 


just allows their probing by using the Beer-Lambert law, at a single wavelength if 
the probe is monochromatic or on a broad spectral range if it is polychromatic. Af- 
ter having travelled through the sample, the probe beam is sent to the detection 
system which records the temporal change in the probe intensity upon excitation 
of the sample. The temporal behavior is obtained either by sending a short probe 
pulse on the sample at a variable delay At after the pump pulse (Fig. 7.14) and 
using a non time-resolved detection (picosecond and femtosecond laser photolysis) 
or by using a probe pulse of long duration and a time-resolved detection system 
(flash and nanosecond laser photolysis). In the next section we will describe in fur- 
ther detail typical pump-probe set-up for transient absorption spectroscopy with 
subpicosecond lasers. Further information on other techniques such as flash, 
nanosecond and picosecond photolysis can be found in Refs [30-33]. 


7.5.2 
Pump-probe Spectroscopy with Subpicosecond Laser Excitation 


High power, high repetition rate, ultrashort laser pulses, are now most often pro- 
vided by amplified mode-locked solid-state lasers; harmonic generation, optical 
parametric amplification and frequency mixing allowing their tunability [34]. Dif- 
ferent types of subpicosecond to femtosecond tunable dye lasers have also been de- 
veloped and used for ultrafast spectroscopy during the last 25 years [33-35]. One of 
the main specificities of pump-probe spectroscopy with ultrashort light pulse lies 
in the possibility to easily generate an ultrashort white light continuum probe, 
which is an ideal tool for probing transient absorption spectra on a broad spectral 
range. 


7.5.21 White Light Continuum Generation 

If an intense ultrashort light pulse at a given wavelength (or frequency) is focused 
in a liquid or solid medium (water, glass, etc.), its spectrum broadens considerably 
while propagating in the medium and the output beam appears as a white light 
beam. This is mainly due to self phase modulation [36], a non linear process that 
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results from the time-resolved change of the refractive index of the medium in- 
duced by the propagating short pulse I(t): 


n(t) = no + 1/2m I(t) (7.27) 


where по is the linear refractive index and 1/2 m, the effective nonlinear refractive 
index. The phase modulation that results from the index modulation leads to the 
creation of new frequencies in the spectrum of the propagating short pulse. At 
the output of a medium of length L, a pulse of initial frequency wo will exhibit a 
time-resolved frequency given by: 

POET 10 (7.28) 

In the leading edge of the pulse (positive derivative of the intensity), the new fre- 
quencies are lower than wo; they are higher in the trailing edge. This spectral 
broadening provides a polychromatic light source of short duration, called con- 
tinuum, which is commonly used in pump-probe experiments on the femto- 
picosecond time scale. 

When manipulating the continuum care must however be taken to avoid group 
velocity dispersion (GVD) through the optical components of the set-up [34]. Such 
a spectral dephasing (chirp) lengthens the probe pulse duration and the optimal 
time resolution of the set-up is lost. In addition, the spectral components of the 
probe do not reach simultaneously the sample, the longer wavelengths arriving 
first, which is a potential source of artifacts in measuring transient absorption 
spectra. Reflective optics, thin components, etc, are generally used to avoid GVD. 
For experiments requiring sub-100 fs time resolution, this is a crucial question 
since the ultrashort pump pulse itself is spectrally broad (Av.At = constant) so 
that additional stages are needed in the pump-probe set-up for compensating 
GVD (rephasing the spectral components) in both pump and probe pulses (with a 
pair of prisms or gratings). In the present report we will limit ourselves to describe 


a subpicosecond set-up. Further information on femtosecond spectroscopy can be 
found in Refs [34, 35, 37]. 


7.5.2.2 Subpicosecond Pump-continuum Probe Set-up 

Different types of set-up have been reported in the literature. A typical transient 
absorption set-up with a continuum probe and subpicosecond time resolution, 
which can be used with laser pulses of a few hundred femtoseconds of duration, 
is shown in Fig. 7.15. The sample is excited by the pump pulses P. The pump flu- 
ence (number of photons per cm?) is set to be large enough to obtain an apprecia- 
ble population of the excited state, which however can be small when an excitation 
source of high repetition rate is used (Ti-sapphire femtosecond lasers run at 1 kHz) 
because it allows fast accumulation of weak amplitude signals. With low repetition 
lasers (10 Hz) the excitation fluence should be close to the saturation fluence 
(= 1/аа, where оа is the absorption cross section of the solute at the pump wave- 
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Fig. 7.15. Typical transient absorption set-up using a subpicosecond 
laser source as the pump and a continuum of white light as the probe. 
For ultrashort time resolution additional stages for compensating the 
group velocity dispersion in both light pulses are needed. P: pump, F: 
filter. 


length). The sample is contained in a recirculating or moving cell, in order to avoid 
reexcitation of photoproducts. Short optical path must be used to avoid artifacts 
due to GVD of the probe and pump pulses within the sample cell, which implies 
the use of highly concentrated solutions. 

The continuum probe can be generated either by using the same input laser 
beam as the pump or by using another beam generated by the laser system at a 
different wavelength. In the first case (see Fig. 7.15) a large amount of the input 
energy is extracted with a beam splitter, sent through a variable delay line then fo- 
cused into a non linear medium, which, for example, can be a 0.5 or 1 cm water 
cell when 500 fs pulses are used or a 1 or 2 mm, sapphire or CaF), plate with 100 
fs pulses or less. The continuum beam is spatially and spectrally filtered in order to 
eliminate the remaining input laser light. Its spectrum is flattened in the wave- 
length range used in the experiment. Pump and probe beams have a diameter of 
about 1 to 2 mm on the sample and cross at an angle of ~10°. The transmitted 
probe beams is sent to the entrance slit of a polychromator. It can be guided 
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through optical fibers as in Ref. 38. The spectra of the two probe beams are simul- 
taneously recorded by a computer-controlled CCD detector. The pump-probe delay 
time is adjusted by means of a stepper motor translation. The transient absorption 
signal of a reference solute having a long excited-state lifetime is used for zero 
delay time adjustment. Both pump and probe beams have linear polarization, the 
directions of which are set with a 4/2 plate either at the magic angle (~55°) for 
spectrodynamics measurements, or parallel and orthogonal for anisotropy mea- 
surements. Data are accumulated over a fixed number of laser shots. Several meth- 
ods exist to measure the chirp in the probe pulse when it reaches the sample. For 
example a chirp-plot can be obtained by two-photon absorption in a medium that is 
transparent at both the pulse and probe wavelengths, so that absorption is found 
only when the two pulses overlap in the sample [39]. One can deduce the chirp- 
plot from the delayed half-rise of the absorption signal across the spectrum. Once 
the chirp is known the spectra can be corrected numerically. 


7.5.2.3 Time-resolved Differential Absorption Measurements 

The excited state dynamics that are probed are expressed in terms of differential 
absorbance (AA), that is the difference between the absorbances of the excited 
(Ap) and unexcited (A) sample. The experiments provide the spectra of the probe 
beams which have travelled respectively through the sample (Is) and reference 
(Ig) cell in the presence the pump pulse or without. The time resolved differential 
absorption across the explored spectral range is: 


AA(A, t) = Ap(4,t) — A(4) = —log[Tp(A, t) Лов T(A)] (7.29) 


where T is the transmission of the sample. In order to correct the measurements 
from background electrical noise, scattered light, and fluorescence noise, the signal 
of the detector must be recorded under four conditions [38]: (1) pump and probe 
off, (2) pump off and probe on, (3) pump on and probe off, (4) pump and probe on, 
so that AA is obtained from: 


AA — —log(N/D) (7.30) 


with М = (Is* — Ig5)/(Ig^ — Ig?) and D = (Is? — 151) /(1в? — Ig!) where the num- 
bers refer to one of the four conditions listed above. 


7.5.24 Data Analysis 
The absorbance is a direct signature of the existing populations of species (concen- 
trations) in the probed sample. The unexcited and excited sample absorbances are 
respectively given by: 


A(A) = &(A)cL (7.31) 


Ap(A,t) = &(4)%(@ + 9 а (2) — eei(A) jait) L (7.32) 
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with co(t) + У; c(t) = c, so that: 


AA(4,1) = У (ем(2) — га(2) — аа (1) КГ (7.33) 


i 


where L is the sample optical path, c is the solute concentration, co(t) and ci(t) are 
respectively the concentration of solute molecules in the ground state and of any 
other species, at time t after excitation. e, ey; and га are respectively the absorption 
coefficient of the solute ground state, that of any other species and the stimulated 
emission coefficient of any excited species present at time t after excitation. In the 
spectral region where the fluorescence of the sample is expected, AA may be domi- 
nated by the stimulated emission signal (ге) and thus be negative. This is also true 
in the spectral region dominated by г, where the ground state absorbs, in such a 
case the negative signal would be due to a dominant bleaching signal. 

Transient species are characterized by their spectra. If the spectra are not known, 
assignment can be made, for example, by comparison with analogues or from sol- 
vent effects. Reaction times are extracted from the analysis of AA(A,t) as a single 
exponential function of time or as the sum of exponential functions. If some reac- 
tion times are very close to the time-resolution of the set-up the analysis is made by 
fitting the convolution product of the pump-probe cross correlation function С? (т) 
by a sum of exponential functions 


AA(t) = СК) & F(t) = | G?(t).F(t — t") d 
with G2(z) = [oont —)@ and F(t) = У а exp(—t/n) (7.34) 


Global analysis is also performed, like for example in reference [40]. Care must 
be taken however with hidden decay components resulting from spectral shifts due 
to solvation or vibrational cooling processes, which occur on this time scale. 


7.5.3 
Examples of Application 


7.5.3.1 Charge Separation in Porphyrin—Fullerene Diads 

Photoinduced electron transfer in fullerene based supramolecular systems has 
been described in Section 7.3.5 as an example of process that can be followed 
both by time-resolved fluorescence and transient absorption, and reaction time on 
the picosecond time scale was calculated from fluorescence decay measurements. 
Transient absorption with subpicosecond or picosecond resolution allows the char- 
acterization of the product formed while fluorescence is quenched. On a longer 
time-scale it provides information on the lifetime of the photoproduct. The 
porphyrin-fullerene (Н;Р-Ссо) diads in which the two chromophores are linked 
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Scheme 7.8. Structure of the porphyrin-fullerene diads with a flexible 
polyether chain of variable length. (Reprinted with permission from ref. 


[41]). 


by conformationally flexible polyether chains such, as those shown in Scheme 7.8, 
provide other examples of systems undergoing efficient charge separation [41]. 
Photoexcitation of the free base diads in polar solvents leads to charge-separated 
radical pair states, which are identified by their absorption. Figure 7.16 shows the 
transient absorption spectrum observed for the compound 9b in THF, 50 ns after 
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Fig. 7.16. Characterization of the photoinduced charge-separated state 
of a porphyrin-fullerene diads with flexible polyether linkers by transient 
absorption spectroscopy. The differential absorption spectrum is given 
for a 50 ns delay after excitation at 532 nm with a 10 ns laser. 
(Reprinted with permission from ref. [41]). 
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excitation at 532 nm with a 10 ns laser [41]. The spectrum corresponds to the rad- 
ical pair H;P* Со, with characteristic bands of the porphyrin cation radical in 
the visible and of the fullerene anion radical in the near-infrared. The lifetime of 
the latter charge-separated radical pair is found to be 725 ns, one of the longest 
reported values for simple Н;Р-Соо diads in solution [41]. 


7.5.3.2 Cation Photorelease from а Crown-ether Complex 

Finding a supramolecular system capable of fast and spatially controllable release 
of cations upon irradiation is of great interest for the study of intracellular process 
triggered by an ion concentration jump [42, 43, 45-47]. The complex of metal ions 
with a crown ether-linked merocyanine (DCM-crown) is an example of system 
(Scheme 7.9) which can temporarily release ions [46]. DCM-crown consists of 
DCM, a well-known laser dye, in which the dimethylamino group has been re- 
placed by a macrocycle (monoaza-15-crown-5) that can bind metal ions [42]. 


ers NC m 
ire эз od 
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Scheme 7.9. Structure of the merocyanine DCM linked to an aza-crown. 


Demonstration of the photorelease has been done in particular with Sr?* [46]. 
This process was monitored on several time scales providing evidence for: (1) the 
delayed formation in 9 ps of the charge transfer state of the merocyanine chromo- 
phore following ultrafast photodisruption of the nitrogen — cation interaction, (2) 
the cation movement away from the excited chromophore into the bulk in 400 ps, 
(3) recombination of the complex in the ground in about 120 ns. These three steps 
are respectively illustrated in Fig. 7.17a, b, c (see caption for details). Similar tran- 
sient absorption studies have been carried out on a PDS-crown-Ca?* complex, 
where PDS is an aza-crown derivative of a substituted stilbene [47]. The spectrody- 
namics observed on the short time scale are very similar to those found in step (1) 
of the above description, with in particular a delayed rise of a stimulated emission 
band attributed to a solvent-separated cation-probe pair. Although the full scenario 
of the cation photoejection from the DCM-crown-Sr?*, is complex [46], the spectra 
shown in Fig. 7.17 demonstrate that at least part of the photoexcited complexes 
does eject the ion into the bulk. 
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Fig. 7.17. Characterization of the photo- stimulated emission band, towards the 


ejection of a Sr?* ion from a complex with 
DCM-crown and of their recombination in 
the ground state. (Adapted from ref. [46]). 
A star indicates the excited state. (a) The 
picosecond change in the differential 
absorption spectrum, with the observation of 
isosbestic points, is attributed to the forma- 
tion, delayed by the presence of the ion, of 
the intramolecular charge transfer state 
known for the free ligand [44]. (b) The time 
resolved subnanosecond red shift of the 


wavelength range where that of the free ligand 
is expected, is interpreted by the motion of 
the cation away from the excited chromo- 
phore. (c) Once the excited state has decayed 
(2-ns lifetime), one observes the dis- 
appearance of the remaining free ligand in 
the ground state due to diffusion controlled 
recombination. This experiment has been 
done with two synchronized subpicosecond 
lasers, one as the pump, the other one for 
generating the continuum. 
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7.6 
Concluding Remarks 


The various examples of photoresponsive supramolecular systems that have been 
described in this chapter illustrate how these systems can be characterized by 
steady-state and time-resolved spectroscopic techniques based on either absorption 
or emission of light. Pertinent use of steady-state methods can provide important 
information in a simple way: stoichiometry and stability constant(s) of host-guest 
complexes, evidence for the existence of photoinduced processes such as electron 
transfer, energy transfer, excimer formation, etc. Investigation of the dynamics of 
these processes and characterization of reaction intermediates requires in most 
cases time-resolved techniques. Time-resolved fluorometry and transient absorp- 
tion spectroscopy are frequently complementary, as illustrated by the study of pho- 
toinduced electron transfer processes. Time-resolved fluorometry is restricted to 
phenomena whose duration is of the same order of magnitude as the lifetime of 
the excited state of the fluorophores, whereas transient absorption spectroscopy 
allows one to monitor longer processes such as diffusion-controlled binding. 
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8 
Circular Dichroism Spectroscopy 


Marie Urbanová and Petr Malon 


8.1 
Basic Considerations 


8.1.1 
Circular Dichroism 


Chiroptical methods, circular dichroism (CD) spectroscopy and optical rotatory dis- 
persion (observed as optical rotation if the experiment is carried out at a single 
wavelength) are chiral variants of absorption spectroscopy and refractive index 
measurement. Contrary to parent non-chiral spectroscopies that use unpolarized 
electromagnetic radiation, they substantially expand information obtained by these 
conventional spectroscopic techniques at the cost of being applicable only to chiral 
samples. While parent spectroscopies have evolved over the years into general ana- 
lytical tools exploring chemical, electronic and vibrational structure of molecular 
systems, chiroptical spectroscopies have specialized in the studies of the three di- 
mensional state of matter, which they can probe with great sensitivity and given 
the current variety of chiroptical procedures, with reasonable selectivity as well. 

Chiral objects absorb left and right circularly polarized light to slightly different 
extents. This phenomenon of circular dichroism [1] became the basis of the most 
widespread practical chiroptical method in the past few decades. There are some 
other chiroptical methods based on the interaction of chiral matter with circularly 
polarized light: Optical rotatory dispersion is based on the analogous difference in 
refraction. Raman optical activity measures differences in scattered light, and circu- 
larly polarized luminescence deals with the difference in emission. 

In chiroptical spectroscopies, analogous quantities are used as in the parent 
spectroscopies. CD spectroscopy measures differences between absorptions for 
left and right circularly polarized light. The quantities used in absorption spectros- 
copy are therefore replaced by their differences in CD spectroscopy. Table 8.1 sum- 
marizes definitions, relations and units used in circular dichroism spectroscopy. 
In addition, linearly polarized light is converted into elliptically polarized light 
[2]. The corresponding quantity, ellipticity, 0 = arctan(b/a), where b and a are the 
lengths of the semiminor and semimajor ellipse axes, correlates with the differ- 
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Tab. 8.1. 


Quantities and units used in conventional and chiroptical 
spectroscopy. The spectral dependence of these quantities can be 


expressed as a function of wavelength 4, frequency v, or wave-number 


y. 





Name of quantity 


Absorbance? 


Molar 
absorptivity, 
molar absortion 
coefficient 


Circular 
dichroism 


Molar circular 
dichroism 


Ellipticitys^ 


Molar ellipticity? 


Definition and relations 


А(у) = Топ, (10/1), Io is the intensity of 
light entering the cell, I is the intensity 
of light leaving the cell 


A(v) 


&(v) = ——, cis the molar (amount) 
concentration [mol 171], | is the 
pathlength [cm] 


AA(v) = А; (у) — An(v), Ar(v) and 
An(v) are absorbances for left and right 
circularly polarized light 


Atilius AA(v) 


concentration [mol 171], | is the 
pathlength [cm] 





, С is the molar (amount) 


0(у) = 32980AA 


[(6](v) = 7, 0(v) is elipticity in mdeg, 
с 


lis the pathlength [cm], c is the molar 


(amount) concentration [mol 171], 
[O](v) = 3298A« 


Units 


dimensionless 


cm! І molt 
= 10? cm? mol! 
= 107! m? mol! 


dimensionless 


стг! І mol! 
= 10? cm? mol! 
= 107! m? mol! 


mdeg 


deg cm? дтоГ 1 





а Used particularly when the concentration is not known. 


bCD instruments are sometimes calibrated in 0, but all commercially 
available instruments record AA. 


ence in absorption and represents another possibility how to express circular di- 
chroism as a physical quantity. The relevant correlation is also given in Table 8.1. 
For merely traditional reasons, chiroptical data for small organic molecules are 
usually expressed as differences in absorption, while data describing the electronic 
circular dichroism of biopolymers are often given in ellipticities. 

What was said about CD spectroscopy is in principle valid for all spectral regions 
used. However, the CD signal is 3 to 5 orders of magnitude weaker than the ab- 
sorption signal in parent absorption. Consequently, CD spectra cannot be obtained 
directly by measuring two spectra at alternately left and right circular polarization 
of incident light and just taking their difference, but more specialized instruments 
are required. So far, CD instruments are commercially available for two spectral 
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Wavelength 200 nm 400 nm 800 nm 1um 10 um 
Wavenumber 5x 10" 1x 10° 1x 10° ют" 
Spectral region uv VIS IR 
Transitions Electronic Vibrational 

Electronic circular dichroism Vibrational circular dichroism 
Spectroscopy ECD YCD 
UV-VIS chromophores 

Slgnal observed for e.g. aromatics all compounds 





Fig. 81. Electronic and vibrational circular dichroism. 


regions only, ultraviolet-visible (UV/vis) and infrared (IR). CD measured in the UV/ 
vis region is called electronic CD (ECD or just CD), because electronic transitions 
are involved, CD measured in the IR region is called vibrational CD (VCD), because 
it refers to vibrational transitions (Fig. 8.1). Similarly, the pros and cons specific for 
parent spectroscopies are also valid for CD spectroscopies. 

The result of a typical circular dichroism experiment is a circular dichroism 
spectrum. It consists of dichroic bands in a manner that is exactly analogous to 
absorption bands in the absorption spectrum. The individual absorption and CD 
bands are characterized by positions of their maxima (Amax, Vmax) and the maxi- 
mum intensities (Алах, AAmax; Emax, Аётах). If we assume a suitable mathematical 
form for the band shape (usually Gaussian or Lorentzian), they are also character- 
ized by a band width parameter (A4, Av). However, there is a significant difference: 
the differential nature of the CD spectroscopy results in the possibility that some 
bands have negative signs, dichroic bands can be negative or positive depending 
on the absolute configuration of the studied sample. Bands of different signs can 
overlap within a single spectrum and consequently, the sum curve need not 
necessarily represent unequivocal information on all the individual bands pres- 
ent. For comparison with theoretical quantities, a suitable numerical parameter 
exists analogously in absorption and circular dichroism spectroscopies. It is 
called dipole strength D [C?m?] in absorption or optical rotational strength R 
[Cm]T-! = С?т 25-1] in circular dichroism and can be obtained experimentally 
by integrating the area under the corresponding band: 


3 In 10ceoh felv) _61 feo) 
D = == | ~d = 1.022 х 10 —— dv 8.1 
nx NA | у А | у e Med 





(8.2) 


y 


2 J) — y (у 
f= 3 In 10c 2" ute eg(v) ду = 7.659 x 19 |227 4 
4z NA 10v 


where ву = 8.854 x 10-12 kg-!m~3s?C? is the permittivity of vacuum, Мл is Avo- 
gadros number, c is the speed of light, h is the Planck constant divided by 2л, and 
e is molar absorptivity given in the first unit listed in Table 8.1. 


268 


8 Circular Dichroism Spectroscopy 


The ratio of the circular dichroism signal and the corresponding absorption is 
called dissymmetry factor g: 


Ae AA 


ё 
The dissymmetry factor g can be expressed using dipole and rotational strengths. 
When SI units are used: 


_ AR 


=> (8.4) 


8 


8.1.2 
Variants of Chiroptical Methods 


A conceptually simple chiroptical experiment is to measure the optical rotation of 
the sample, that is, the angle of rotation of the plane of polarization of the linearly 
polarized light beam when passing through the optically active medium. This an- 
gle is a characteristic quantity and when expressed as a molar property at a suitable 
wavelength (usually the sodium D line), it is an important physical constant char- 
acterizing a particular chiral material. Attempts were made to interpret this quan- 
tity in structural terms and it has been also calculated by ab initio procedures [3-6]. 
Optical rotation, when measured in a range of wavelengths, becomes a curve of op- 
tical rotatory dispersion (ORD) and can also be calculated by ab initio procedures 
[4, 7-9]. For some time, it was primarily used for measuring chiroptical properties, 
but nowadays, it is largely abandoned and replaced by circular dichroism spectra. 
These spectra are easier to measure, their simpler shape is easier to analyze and 
they are mathematically equivalent (CD and ORD spectra can be transformed 
from one form into another using the Kramers- Kronig relationship; for a recent 
application, see [10]). Circular dichroism, either electronic or vibrational, is an ab- 
sorption phenomenon and unless special precautions are taken, it provides infor- 
mation about three-dimensional structure of the system in its ground state. It can 
be modified (in a very simple manner, just by altering the detection system) to de- 
tect circular dichroism in fluorescence (FDCD) [11, 12]. Although the description 
seems to be different, these altered methods record exactly the same quantity: cir- 
cular dichroism related to the sample in the ground state. 

It is, however, possible to measure chiroptical properties related to the excited 
states of molecules – circularly polarized luminescence (CPL) [13]. In this case, 
the sample is excited by unpolarized radiation and the luminescence signal is ana- 
lyzed by a circular analyzer. Several variants of this concept have been developed, 
but the applications are targeted more on electronic structure of the excited states 
of molecules than to their geometries. 

Chiroptical properties related to molecular vibrations can be studied not only by 
vibrational circular dichroism, but also by using the chiral variant of the Raman 
spectroscopy — Raman optical activity (ROA) [14—16]. This method has been devel- 
oped into practical use only recently, but it is very promising and similarly to the 
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parent spectroscopies, seems to excel where VCD fails, as, for example, in the 
regions of low wavenumbers or aqueous solutions [17-23]. There are several ar- 
rangements of ROA experiment according to whether we induce ROA with circu- 
larly polarized incident light (incident circular polarization — ICP) or analyze the 
scattered light for circularly polarized components (scattered circular polarization 
— SCP) or both (double circular polarization — DCP) or according to scattering ge- 
ometry (forward scattering, right angle scattering, backward scattering). At present, 
the method of choice seems to be ICP collected in the back scattering geometry. 


8.1.3 
Advantages and Limits of Circular Dichroism Spectroscopies 


8.1.3.1 Chiral and Parent Non-chiral Spectroscopies 

Chiroptical spectroscopies are based on the concept of chirality, the signals are ex- 
actly zero for non-chiral samples. In terms of molecular symmetry, this means that 
the studied system must not contain a rotation—reflection axis of symmetry. This 
lapidary definition implies that the more known symmetry elements (symmetry 
plane – equivalent to the one-fold rotation-reflection axis and the center of 
symmetry — equivalent to the two fold rotation—reflection axis) must also be absent 
and that the system must be able to exist at least formally in two mirror image-like 
forms. At first glance this limitation seems to be a disadvantage, however, this di- 
rect relation to molecular geometry gives chiroptical properties their enormous 
sensitivity to even minor and detailed changes in the three-dimensional structure. 
This property is absent in the parent non-chiral spectroscopies. Chiroptical meth- 
ods sometimes provide enhanced resolution, because of the simple fact that di- 
chroic bands can be positive and negative. Chiral spectroscopies give also a new 
dimension to the intensity parameter. The information about structure is also en- 
coded in the sign, the absolute value and the width of spectral bands. Not only the 
positions of bands, but also the entire shape of the spectral pattern carries struc- 
tural information on the sample. While parent spectroscopies are more oriented 
toward the positions of the spectral bands, chiroptical spectroscopies are primarily 
intensity oriented, although band positions are just as important as in the parent 
methods. Chiroptical spectroscopies can draw on substantial knowledge on elec- 
tronic and vibrational molecular transitions that has been collected throughout 
the years of analytical use of the parent spectroscopies. 


8.1.3.2 Electronic and Vibrational Circular Dichroism 

If we mutually compare chiroptical methods, we find a remarkable complementar- 
ity that can be used as advantage when a particular system is investigated by the 
selection of chiroptical procedures. ECD [1, 24], which is a far reaching technique, 
tends to see a molecule as a whole and provides chiral information via chromo- 
phores and their properties [25-27]. This far-reaching nature of ECD can be uti- 
lized, for example, in supramolecular chemistry, where chirality is introduced into 
the system by a chiral, but spectroscopically neutral matrix. However, it is observed 
on an inherently nonchiral chromophore, like, for example, porphyrine [28-36] 
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and others that have been reviewed recently [37]. This is possible because the 
entire system becomes chiral according to the matrix used. VCD is a more local 
phenomenon, although if there are strong coupled oscillators, then dipole coupling 
can also give rise to relatively far reaching interactions. But as a rule, each bond in 
the molecule is a vibrational chromophore and from VCD, we can get unbelievably 
detailed and local information (see section 8.5). The same becomes even more 
enhanced for Raman optical activity. These differences are nicely demonstrated by 
the dependence of chiroptical spectra on the chain length that was measured for 
regular polypeptide structures [38]. 


8.1.3.3 Instrumentation 

Commercial instrumentation is available for both the ECD and VCD experiments 
and the commercial ROA spectrometer was introduced last year. To measure chi- 
roptical spectra is relatively easy, provided that a good laboratory routine is worked 
out and consistently maintained. Electronic CD is easily measurable from —175 
nm to more than 1 um (see Section 8.2.1), and custom-built instruments can go 
even further. At present, VCD can be measured from 4000 to about 900 ста“!, rou- 
tinely from 2000 ст! to about 900 стт! (see Section 8.2.2); measurements were 
reported below 600 ст“! [39] and in the near IR up to 6150 стт! [40, 41]. The 
ROA spectra can be reasonably obtained from 2000 cm™! up to a region close to 
the Rayleigh line [42]. 


8.1.3.4 Calculations 

All these methods can be compared with the theoretical results obtained by direct 
ab initio calculations. Here, VCD has a distinct advantage because it usually refers 
to molecules in their well-defined electronic ground states. For small and medium- 
sized organic molecules, the precision of these calculations makes it possible to 
use them as an alternative method for the determination of absolute configurations 
[43—45]. For larger molecules, the method of transfer of molecular properties ten- 
sors from smaller molecular fragments can be used [46—48]. ROA can be calcu- 
lated in a similar manner, but the computations are more demanding and there- 
fore still limited to relatively small molecules [49, 50]. The ab initio calculations of 
the ECD spectra require wavefunction calculations of all electronic excited states 
participating in the ECD spectrum [51]. Although ECD is easier to measure com- 
pared to VCD, the ab initio calculations are a promising but more demanding con- 
cept. They represent recent contributions to our tools based on the procedures of 
the time dependent density functional theory (TDDFT) [4, 52—55]. 


8.2 
Measurement Techniques (Methodology of CD Measurement) 


CD spectra cannot be obtained from spectral responses to left and right circularly 
polarized light measured in series and subtraction of the two corresponding signals. 
However, this concept is implemented in the Raman optical activity measurement. 


8.2 Measurement Techniques (Methodology of CD Measurement) 


In the ECD and VCD measurements, where the difference in measured responses 
is 3 to 5 orders of magnitude smaller than individual signals, such serial procedure 
would require high stability of spectrometers that is by far not practically achiev- 
able. Therefore, the responses to left and right circularly polarized light are ob- 
tained synchronously and the difference is obtained directly using the most impor- 
tant part of a CD spectrometer — the photoelastic modulator (PEM), where the 
linearly polarized light achieved in the polarizer is converted alternately to the left 
and right circularly polarized light in a periodical manner with the frequency of 
tenths of kHz typically. In this apparatus, the piezoelectrically driven mechanical 
stress applied on the appropriate optical material causes periodic retardation of 
the beam from —4/4 to +4/4. At the output, the retardation produces alternately 
the left and right circularly polarized light at the working frequency of the 
PEM. The light with periodically varied state of polarization (but not the intensity) 
is introduced to sample and the difference in the two responses is detected with a 
lock-in amplifier at the PEM frequency. This principle of synchronous measure- 
ment is generally used in both spectral regions with the commercially available 
and laboratory made dispersive or Fourier transform CD spectrometers. In order 
to convert a raw chiroptical signal observed at the PEM frequency to a true CD sig- 
nal, it is necessary to normalize it with a general transmission signal. This can be 
achieved by using several methods. It should be noted that the procedure is quite 
critical, because significant normalization errors can give rise to experimental arti- 
facts that may be comparable in size to the true CD signal. In ECD, this is achieved 
by fine tuning the photomultiplier sensitivity, thus making the transmission signal 
constant throughout the wavelength range. In VCD, either the same principle is 
followed by analog electronic normalization of the PEM signal by the transmission 
signal (such a procedure is typical for dispersive instruments measuring the spec- 
trum by a scanning procedure) or by digitizing signals separately and carrying out 
the normalization in a computer. 

When performing CD experiments, one must consider that the range of accept- 
able conditions is more specific and narrower than in the conventional parent spec- 
troscopies. The spectral region available in a particular arrangement of experi- 
ment is usually narrower than in the corresponding parent spectroscopies. This is 
caused by the material transparency, its mechanical properties and the narrow 
spectral sensitivities of cooled semiconductor detectors. The conventional absorp- 
tion must be measurable very well to obtain acceptable and reliable CD spectra. 
This means that usual requirements for homogeneity, stability and transparency 
must be met. In addition, the absorption must neither be too high nor too small 
(the optimum sample absorbance is іп a range of 0.6—0.8). Too high absorption im- 
plies the lack of incident light on the detector and sizable artifacts. On the contrary, 
too small absorption means that the noise level increases substantially. There are 
other adverse effects such as birefringence and unwanted polarization changes 
caused by reflections in the light path through all the optical elements in the spec- 
trometer. These phenomena also arise within the cell windows and in the sample 
material. These effects are spectrally dependent and can cause false signals ob- 
served as artifacts. 
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Adhering to these rather strict requirements for optimal optical density, spectral 
range and minimizing spectral artifacts requires permanent verifications of the 
reality of the CD signal measured. Good CD results require formulation and keep- 
ing of the measurement protocol. It is recommended that the whole series of sam- 
ples that are to be compared is measured under the same conditions. For example, 
a broken sample cell can distort the whole series. 

Despite the above general features that are common to the both ECD and VCD, 
some attributes are characteristic of each CD technique. 


8.2.1 
Electronic Circular Dichroism Measurements 


ECD spectra are measured with dispersive scanning instruments that are based on 
the general design of single beam absorption spectrometers. For CD measure- 
ments, the instrument is optimized for high light throughput and equipped with 
polarization optics and specialized detection systems. Polarization optics may be 
combined with the dispersive function, that is, the instrument can utilize a polar- 
izing prism double monochromator with prisms made of a quartz single crystal. 
Alternating circular polarization of light is then achieved by the PEM. 

Spectra are usually measured in solvents which are used in UV spectroscopy. 
Depending on the required polarity, we can use cyclohexane or another suitable 
highly purified hydrocarbon, acetonitrile, alcohols, certain ethers like 1,4-dioxane, 
water, various buffers and fluorinated alcohols (TFE, HFP). Special solvent mix- 
tures are used for measurements at cryogenic temperatures. Due to the required 
high sensitivity, it is necessary to achieve a very stable and preferably flat baseline 
of the instrument. This is dependent even on particular sample cells. Usually, 
quartz cells with low birefringence windows are selected for CD measurements. 
Attention should be paid to avoid mechanical and temperature impacts on them 
as these can alter the baseline and invalidate sensitive experiments. Two kinds of 
cells are used: demountable (10-500 um) and a fixed design. High stability can be 
achieved but this requires experience, consistency and attention to detail. Temper- 
ature variations should be minimized during the experiment. 


8.2.2 
Vibrational Circular Dichroism Measurements 


Unlike ECD spectrometers that are built only as dispersive devices, a VCD spec- 
trometer may be designed either as a scanning dispersive instrument or as a 
Fourier-transform (FT) instrument [56-59]. The latter instrument has well-known 
advantages, that is, multiplex (an interferometer does not separate light into indi- 
vidual frequencies before measurement), high throughput (more energy gets to the 
sample due to the simple optical path of the interferometer with no slits and fewer 
optical elements), and resolution (resolution is increased by lengthening the mov- 
ing mirror stroke length with no decrease in energy throughput). The advantages 
result in much shorter scan times. All VCD spectrometers commercially available 
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Fig. 8.2. Block diagram of optical and electronic layout of the VCD 
part of Fourier transform spectrometer. 


since 1997 use the FT approach. Some of the commercially available FI-VCD in- 
struments are VCD dedicated; others utilize a conventional FT IR spectrometer 
equipped with a VCD module. The scheme of the optical and electronic layout of 
both types of the FI-VCD instruments is in principle the same and is given in Fig. 
8.2. Although optical and electronic signals are processed fully automatically in 
commercially available VCD instruments, a short explanation is given here to elu- 
cidate the advantages and limitations of the VCD. 

The first part of the optical layout consists of a light source and a Michelson in- 
terferometer. The IR light beam is first modulated in the Michelson interferometer 
and then directed to the CD dedicated branch, where it passes through a linear po- 
larizer and the PEM. The optical low-pass filter prevents the detector from being 
overloaded by a wide interval of FT frequencies. The combination of the linear po- 
larizer with a PEM creates left and right circularly polarized light alternately at the 
PEM operating frequency that is much higher than the range of FT frequencies. At 
this moment, the beam is doubly modulated – with the interferometer frequencies 
(intensity modulation) and the PEM frequencies (polarization modulation). When 
passing through the sample, the polarization modulation of the beam is converted 
into the intensity modulation at the PEM frequency. The beam is then focused on 
the fast and sensitive, cooled semiconductor detector. In the electronic part, the sig- 
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nal from the detector is amplified and split into two paths. Signal in one path is 
Fourier transformed directly after passing through the low-pass filter. The resulting 
Ipc(V) gives the transmission spectrum. The signal in the other path after passing 
through a high-pass filter is directed into a lock-in amplifier that is tuned to the 
operating frequency of the PEM. The lock-in selectively amplifies the weak differ- 
ence signal due to CD of the sample and that is then Fourier transformed into 
IAc(v). The ratio I4c(V)/Ipc(V) is proportional to AA and is further processed to ob- 
tain the true VCD spectrum. 

The spectral range accessible to FI-VCD using typical optical layout is some- 
what limited due to the used materials (ZnSe PEM and ZnSe transmission optics 
and MCT detectors), together with the requirements for a high light throughput 
and nearly perfect optical alignment. FT-VCD is easiest to record in the mid-IR 
region (2000-800 ста“!), which is coincidentally a very useful range where rich 
spectra of quite well resolved absorption and VCD bands are observed. Above 
2000 cm~!, the CaF; PEM and InSb detectors can be used, but it is more difficult 
to measure the FI-VCD spectra in this region. 

FTIR spectrometers can record non-polarized absorption intensities over a wide 
dynamic range. For VCD, however, the available range of the total absorbance of 
measured solutions is only in the 0.1-1.0 range. The optimum absorbance value 
for the VCD measurements is about 0.4—0.6. This value has to be achieved by the 
optimal combination of the concentration, pathlength, and solvent. Practically, 
pathlengths from about 5 um to several millimeters are used for the VCD mea- 
surements. If the sample gives absorption bands of very different intensities in 
the spectral region of interest, the experiment has to be repeated at different 
concentration/pathlength combinations to obtain complete VCD results. The sol- 
vents frequently used in the mid-IR region and their spectral windows are given 
in Table 8.2. 

As a consequence, VCD measurements require rather high concentrations 
—0.05—1 mol L~!. However, due to a short pathlength, only small volumes of sam- 


Tab. 8.2. IR solvents appropriate for VCD spectroscopy in the mid IR 
region and their spectral windows. 


Solvent Spectral window (ст-") Solvent Spectral window (ст-") 
СС 2000–850 DMSO-dg 2000—1100; 970-700 
CS, 2000—1640; 1350—700 Methanol-dg 2000—1200 

CHCl; 2000—1260; 1175-700 H,0# 2000—1770; 1525-1000 
CDCl; 2000-975 D20 2000—1300; 1100—800* 
Propanol 2000-1500 trifluorethanol 2000-1500 





aonly when a short pathlength < 6 um and higher concentrations are 
used. 
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ple are needed. This leads to the requirement for ~1–15 mg of sample for a single 
VCD experiment, which is comparable with the requirements for NMR measure- 
ments. Depending on the solvent used, samples may be recoverable. 

Alternatively, the dispersive VCD instrumentation can be used because in some 
cases the advantages of the FTIR technique, that is multiplex, throughput, and res- 
olution, cannot be fully utilized. This is the case, for example, of very weak and 
broad signals or difficult solvents with strong absorption and only narrow spectral 
windows. In such cases, the resolution and multiplex advantages of FTIR are 
hardly utilized. Dispersive instruments are also used in the C-H, O-H region 
(3500-2000 cm-!) [60]. The structural study of biomolecules and biopolymers 
such as sugars, peptides, proteins, oligonucleotides, DNA can serve as an example 
of the very successful use of dispersive VCD (for reviews see [38, 61—64]). In these 
studies, solutions іп H;O or D20 are used. Because of the rather unfavorable 
absorption of water, only narrow spectral range is accessible for VCD measure- 
ments; moreover, the spectral bands are very weak and broad in this case. Some 
laboratories measure VCD with dispersive built in-house instruments and obtain 
remarkable results [65, 66]. The dispersive VCD instruments can be viewed as an 
extension of the ECD instrumentation described in Section 8.2.1 from the UV/vis 
to IR region. There are some differences between dispersive instruments used in 
the two spectral regions: Because of the transmission and dispersive problems, 
CD spectrometers in the IR region use mirrors instead of lenses. Unlike the ECD 
dispersive spectrometers that use prism monochromators, the dispersive VCD 
technique is based on the technology of gratings. Semiconductor cooled detectors 
are used instead of photomultipliers. 


8.3 
Processing of Circular Dichroism Spectra 


Because CD is a single beam measurement, processing of CD spectra requires 
a baseline correction and intensity calibration, similar to other single beam tech- 
niques. When ECD is scanned with a commercially available spectrometer, the 
baseline is obtained as the CD spectrum of the corresponding (non-chiral) solvent 
measured in the same cell, using exactly the same experimental parameters as 
were used for the solution of the measured sample. In the majority of cases, 
when ECD does not have an extremely small intensity, the ECD baseline obtained 
as the solvent ECD is effectively very close to a zero line. Usually, the ECD intensity 
calibration should be checked at intervals of some months. The ECD instruments 
are calibrated by using standard samples (epiandrosterone or 10-camphorsulfonic 
acid). Current spectrometers are equipped with software that enables convenient 
baseline correction, unit conversion, averaging, and other simple data treatment. 
Multiple scanning and subsequent averaging is a common processing procedure 
applied to ECD and VCD measured with dispersive spectrometers. Averaging of N 
scans improves the signal/noise (S/N) ratio by a factor of VN. Weak signals re- 
quire more accumulation than the strong ones. 
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8.3.1 
Intensity Calibration in VCD Spectroscopy 


VCD spectroscopy requires a few special procedures. The intensity calibration of a 
dispersive or ЕТ-УСР spectrometer is carried out by a pseudosample that consists 
from a multiple quarter wave plate followed by a polarizer. Such a combination 
produces a large artificial pseudo CD signal of AA = +1 at some spectral points 
(Fig. 8.3). The theory of operation of this device is described in the literature [56, 
57, 67]. Interpolation at all other wavenumbers gives a calibration curve that is 
used for the intensity calibration of spectra measured under the same conditions. 
With the software of the current FI-VCD instruments, the intensity calibration be- 
comes an easy routine. The pseudosample measurement is carried out prior to the 
measurement of the sample and is then used by the software. This is an absolute 
calibration method based on first physical principles, which is its main advantage. 
In addition, from time to time, it is recommended that the calibration of the VCD 
instrument is verified by VCD measurements of samples whose VCD spectra have 
been carefully measured in several laboratories and whose proper shape and inten- 
sity have been published and are well known. The VCD spectra of these standards 
are known with a precision of a few percent and are generally accepted. For this 
purpose, (5)-(—)-о-ріпепе and (R)-(4-)-a-pinene as neat liquids are used. Another 
appropriate standard also used in the region of the Х-Н stretching vibrations 
above 2000 ста“! is the CCl, solution of camphor. The рО solution of hemoglo- 
bin serves as a VCD standard for VCD measurements of aqueous solutions of 
samples providing a very week signal in the mid-IR region and primarily in the 
carbonyl region. 

Another purpose of the measurement of the pseudosample is that it provides a 
phase correction needed for Fourier transform of the AC interferogram. The self- 
correction conventionally used in Fourier transformation for one-sign absorption 
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Fig. 8.3. Тһе pseudo CD signal of calibration device. The cross-points 
have a CD signal of AA= +1. 
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signals causes difficulties if the VCD signal changes its sign. The processing pro- 
cedure described above is usually included in the standard software supplied with 
the VCD spectrometer and can be easily used. 


8.3.2 
Baseline Corrections and Reliability in VCD 


VCD is even more sensitive than ECD to any polarization distortion that can hap- 
pen in a spectrometer during the light beam throughput. Birefringence in the op- 
tical material of optical lenses, filters, cells and other windows, and reflections may 
cause artifacts that may be comparable in size to the sample signals. As a conse- 
quence, the baseline differs from the zero line and a baseline correction should be 
applied for each VCD measurement. In the case of well optically tuned instru- 
ments, satisfactory baseline can be obtained as the VCD spectrum of the pure sol- 
vent measured under the same condition in the same sample cell [44, 45, 68]. 

Another source of artifacts is related to sample absorption, because in the region 
of the absorption band, anomalous dispersion takes place that may distort the equi- 
librium of the responses to right and left circularly polarized light, primarily in the 
case of a narrow sharp absorption band. The optimal baseline is ideally obtained by 
using a racemic material of the same absorption characteristics as the measured 
sample. Practically, racemic materials are rarely available, especially for biological 
samples like proteins, DNA and so forth. Should there be any doubt about the cor- 
rectness of the VCD signal, it is necessary to check its reliability, for example, by 
recording a concentration-dependent series. Recently, a new method of reducing 
the artifacts has been announced [69] that uses a dual-PEM spectrometer. 

To deal effectively with the weak nature of the VCD signals and the danger of 
possible artifacts, it is necessary to establish a reliable routine of permanent testing 
and documenting. The FI-VCD spectra are usually run in blocks that accumulate 
several thousands of interferograms. The number of blocks is determined by the 
signal intensity and the desired S/N level. Individual subsequent blocks can be 
tested for consistency and stability. In addition, in the case of a random or unde- 
sired event, some of the data blocks may be excluded but the rest can still be uti- 
lized. The measurement systems must be stable enough so that the sample and 
baseline are measured under strictly identical conditions. The subsequent subtrac- 
tion is possible only if these requirements are met. In the VCD literature, noise 
curves usually accompany the published spectra. A noise curve is calculated as fol- 
lows: The single blocks of raw VCD spectra are split into two groups. Then a half 
of their differences gives the noise spectrum and their averaging gives the mean 
VCD. 


8.3.3 
Advanced Processing of Circular Dichroism Spectra 


In chiroptical spectroscopy, an important part of structural information is provided 
by the intensity parameters of the spectrum and also by its overall shape. Primarily 
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Fig. 8.4. Superposition of CD spectral bands of the same and mutually opposite signs. 


in ECD, spectral bands are broadened by collisions in solutions, conformational 
equilibria and vibronic fine structures. The bands themselves may overlap quite 
strongly and we only observe their sum curves. This problem is typically more se- 
rious in chiroptical spectroscopy than in isotropic absorption. It is quite possible 
that neighboring bands in chiroptical spectra happen to be of mutually opposite 
signs and, in the extreme case, they can effectively cancel each other or at least seri- 
ously distort the resulting sum curve (Fig. 8.4). Thus, chiroptical spectra are more 
difficult to resolve into their components than similar absorption spectra, in which 
the component bands are always positive. Moreover, the result of a chiroptical 
experiment is seldom represented by a single curve. We usually measure series of 
spectra where particular components differ somewhat from one another as some 
structure related parameter is modified. Typical examples are changes in the chem- 
ical structure of the sample, solvent changes, pH changes, temperature changes, 
and so forth. For further analysis, it is therefore necessary to investigate the shape 
of individual spectra and extract systematic trends in order to distinguish them 
from random events, like experimental noise or to recognize spurious signals — 
artifacts. 

In ECD or in limited spectral regions of VCD (for example amide I bands in pep- 
tides, C-H vibrations, etc.), it is possible to represent the sum curve by the sum- 
mation of several Gaussian or Lorentzian bands and to adjust their parameters 
(central wavelength or wavenumber, intensity of the maximum and the band half- 
width) to experimental curve by a general curve fitting procedure as provided by 
several commercial computer programs like Spectracalc or Grams. However this 
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procedure is quite tedious and highly uncertain, because of many statistical uncer- 
tainties and because various band parameters influence the sum curve with differ- 
ent sensitivity. In general, the curve is mostly influenced by the band width param- 
eter. Unfortunately, the band width is the least informative of the three. The fitting 
procedure requires very careful weighing and additional information, like the 
number of component bands to be expected, their band shapes in the correspond- 
ing absorption spectra, and so forth. Fitting Gaussian or Lorentzian components to 
CD spectra provides experimental values of rotatory strengths that can be com- 
pared with theory and calculations [70, 71]. 

In vibrational optical activity, this comparison is usually carried out in a reversed 
manner. A common plausible value, for example, 10 ста“!, is tentatively assigned 
to bandwidths, and the theoretical spectrum is simulated using calculated band po- 
sitions and rotatory strengths or ROA intensities. The resulting theoretical VCD or 
ROA curve is then compared with the experiment and the difficult curve fitting is 
therefore avoided (Fig. 8.5). 

The analysis of a series of chiroptical spectra and recovery of systematic trends 
in a given set can be carried out in several ways. In the past, the results strongly 
depended on the spectroscopist's personal experience; actually, this was the least 
objective part of the circular dichroism application. Nowadays, we can rely on gen- 
eral procedures of statistical data treatment like singular value decomposition, fac- 
tor analysis (especially its first part, analysis of the correlation matrix and the 
projection of the experimental spectra onto the space of orthogonal components), 
cluster analysis and the use of neural networks. This field has been pioneered by 
Pancoska and Keiderling [72—76], and also by Johnson [77] when analyzing the 
chiroptical properties of biopolymers. 

Experimental CD data, primarily when measured under difficult conditions, may 
appear quite noisy and it is tempting to smooth them for further analysis or pre- 
sentation purposes. In general, we advise against such practices, although spectral 
software programs involve such procedures. CD analysis is heavily dependent on 
the shape of the spectra and any additional treatment tends to distort it. It is better 
to present data as they actually are. 


8.4 
Theory 


8.4.1 
Rotational Strength 


Because circular dichroism is a difference in absorption for left and right circularly 
polarized light, its theoretical description includes subtraction of the transition 
probabilities induced by left and right circularly polarized radiation. The interac- 
tion Hamiltonian Н!" that determines transition probability includes electric, Е, 
and magnetic, B, fields of electromagnetic circularly polarized radiation, and the 
electric, и, and magnetic, m, dipole moments of the molecule. 
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НИТ = —uE — mB + higher orders (8.5) 


The resulting relation for rotational strength R is called Rosenfeld equation and 
has been derived in 1928 [78]: 


R = {и - т?) (8.6) 


where Im means the imaginary part of the scalar product in parentheses, vectors 
и! and т? are the respective electric and magnetic dipole transition moments 
that correspond to a transition from state i to f. We can imagine that the vector 
и", the electric dipole transition moment, describes a shift of a charge cloud in 
the course of the transition (the direction and magnitude). Vector m, the mag- 
netic dipole transition moment, describes the direction around which the charge 
cloud rotates during a quantum transition. Two conclusions can be deduced from 
the Rosenfeld equation (8.6): (i) Because the charge density in a molecule is given 
by the structure of the molecule, rotational strength is directly determined by mo- 
lecular structure. (ii) The scalar product nature of rotational strength implies that 
it possesses not only a magnitude but also sign. The value of R is not only deter- 
mined by the size of both transition moment vectors, but also by the angle between 
them. This is where chiroptical methods get their enormous sensitivity to even 
minor changes of the geometrical arrangement of molecules. Rotational strength 
is non-zero when both vectors п? = 0, т? 4 0 and when they are not perpendicu- 
lar to each other. 

The relatively simple Rosenfeld equation (8.6) determines the relation between 
the structure of a molecule and its interaction with circularly polarized radiation. 
Different methods are used for the computation of R, including the direct calcula- 
tion by ab initio methods from first principles. However, at least within a limited 
range of applications, simplified approaches can be used that make a priori as- 
sumptions about a decisive mechanism by which optical activity of a molecule 
originates. 


8.4.2 
Mechanisms Generating Optical Activity 


Electronic circular dichroism and absorption spectroscopy as well are largely based 
on a concept of chromophores, i.e. groups into which the active transitions in a 
molecule are localized. In electronic spectroscopy, this concept comes up rather 
naturally, because chromophores typically spread over several atoms often involv- 
ing lone electron pairs or л-ејесітоп systems and such atom groupings may be 
usually identified with recognizable functional groups in a molecule. To a first ap- 
proximation chromophores are usually not chiral (they possess local elements of 
symmetry, i.e. their own symmetry is higher than the symmetry of the whole chiral 
molecule), although there are notable exceptions, like helicenes, biphenyls, nonpla- 
nar amide groups, etc. The observed optical activity then arises from interaction 
between chromophores within the chiral geometrical framework of the molecule 
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or from a perturbation imposed on a chromophore by means of potential field orig- 
inating from the chiral skeleton. There are three such recognized mechanisms of 
optical activity origin and they can be used to obtain an at least semiquantitative 
interpretation of circular dichroism data in terms of chirality and geometrical ar- 
rangement of molecules provided that the concept is kept simple and the supposed 
mechanism is the decisive one: (i) dipole coupling mechanism; (ii) u-m mecha- 
nism; and (iii) one-electron mechanism. 

The dipole coupling requires two chromophoric groups having transitions with 
significant electric transition moments that couple via dipole-dipole interactions. 
If the mutual orientation of the two dipoles is chiral it results in a couplet of CD 
bands (a pair of CD bands equal in intensity but having opposite signs) belonging 
to in-phase and out-of-phase combinations of uncoupled components. Optical rota- 
tory strengths can then be calculated or qualitatively estimated in a simple manner 
and is a function of electric transition moment size (can be determined from ab- 
sorption) and of geometrical factors (distance and orientation of transition moment 
vectors). Within a molecule this mechanism is relatively far-reaching, because of 
the far-reaching nature of dipole-dipole interactions. The concept is rather well 
understood and has been applied to many structural situations with remarkable 
success and varying degree of sophistication. It can be applied to both ECD (for re- 
view see for example [26]) and VCD [79, 80]. л-л* transitions in polypeptides can 
serve as a typical example. 

The џ–та mechanism is similar in concept, but assumes interaction of a transi- 
tion dipole within one group with a transition quadrupole (magnetic moment) 
within the other group. It is much more difficult to recognize and to apply. n-z* 
transitions coupling with z—z* transition in oligopeptide molecules depict such a 
situation [81, 82]. 

The one-electron mechanism is different from the above two situations, because 
it does not require two chirally oriented chromophores. Instead it describes mixing 
of (electronic) configurations within a single originally non-chiral chromophore 
under the influence of chirally oriented perturbation potential that breaks the orig- 
inal symmetry. The potential is usually expressed as a multipole series, where only 
terms having proper symmetry properties contribute to chiral mixing. In order to 
provide proper symmetry behavior, the potential must be a pseudoscalar represen- 
tation of the symmetry point group of the chromophore in question [81, 82]. It also 
determines the multiplicity of a sector rule that describes the situation. The octant 
rule valid for the carbonyl chromophore is a typical situation where one electron 
theory applies. This mechanism has been successfully used in real calculations, 
however it must be used with caution. The rotatory strengths given by one electron 
mechanisms are usually quite small. If there is also another mechanism operative 
there is a danger that it might override the one-electron contribution. 

The above mechanisms generating optical activity are not exactly quantitative 
and they are not additive. They can serve as a great way to explain simple chiral 
situations. They have many limitations and must be used carefully. They cannot 
be used for chromophores that are inherently chiral. However, complete methods 
of calculations for rather complex molecules based on this concept and a detailed 
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analysis of properties of chromophores have been constructed [83, 84] and very 
successfully applied [85-87] (for a review see reference [88]). With the exception 
of simple dipole coupling, these mechanisms cannot be applied to VCD, although 
attempts towards similar concepts have been made [80, 89, 90]. 


8.4.3 
Ab initio Calculations 


Direct calculations of optical rotatory strengths based on the evaluation of matrix 
elements of both transition moments and the subsequent application of the Rosen- 
feld equation (8.6) were first attempted in the 1970s on the basis of semiempirical 
wave functions. The success of these early ECD calculations was limited, primarily 
because only a poor description of molecular excited states was available at that 
time. Nevertheless, in some relatively simple cases, they were successful (see, for 
example, the non-planar amide bond [91]). Such a calculation is in principle more 
demanding than an ordinary quantum chemical study of a molecule. It requires 
not only the calculation of the ground state energies and molecular geometries, 
but also energies and charge distributions pertaining to excited states. Systemati- 
cally successful ab initio direct ECD calculations are a matter of the last five years 
and are closely related to recent advances in quantum descriptions of molecular 
excited states using advanced methods like TDDFT [4, 52—55]. 

Direct calculations of vibrational optical activity are younger, but once theoretical 
obstacles to them were solved, they turned out to be easier despite the fact that 
such a calculation is a many step procedure and its protocol is rather complicated. 
The use of this procedure for absolute configuration determination is described in 
Section 8.5.1. A fundamental advantage of VCD calculations consists in the fact 
that we are dealing with molecules usually in their well-defined electronic state — 
the ground state. For the calculation of vibrational optical activity, we must calcu- 
late atomic polar and axial tensors [16, 92]. 

The principal difficulty lies in the fact that atomic axial tensors are zero within 
Born Oppenheimer approximation. Therefore, special theories have to be devel- 
oped; the most widespread is the magnetic field perturbation (MFP) method by 
Stephens et al. [93-95]. When combined with a reasonably sophisticated ab initio 
method (like density functional theory (DFT) with a functional like B3LYP or 
BWP91) and a reasonably large basis set (6-31G* and better), the calculation be- 
comes quite reliable and can be used to assign absolute configurations to rigid 
molecules (see Section 8.5.1). Calculations at this level of approximation can now 
be performed with molecules up to 100 heavy atoms. For larger molecules contain- 
ing repeat units (like biopolymers), it is possible to apply transfer of molecular 
properties tensors from smaller model molecules [46, 96, 97]. 

The calculation involves optimization of the molecular structure, computation of 
vibrational modes (by far the most demanding part computationally), computation 
of atomic polar and axial tensors and of all the sums leading to dipole and rota- 
tional strengths. As the last step, the theoretical VCD curve is simulated by using 
the empirical values for bandwidths. The quantum chemical part of the calculation 
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is nowadays a standard part of commercial molecular computational programs 
such as Gaussian. There are even recent attempts to include solvent effects in the 
calculation [66, 96, 98]. 


8.5 
Examples of Vibrational Circular Dichroism Applications 


VCD has existed as a real spectroscopic technique since the 1970s, and its develop- 
ment led to significant improvement of structural knowledge. Almost from the 
very beginning, VCD was employed in structural studies of chiral molecules 
regardless of their size, from relatively simple organic molecules, through rigid al- 
kaloids up to biomolecules, including large biopolymers such as polypeptides, pro- 
teins and nucleic acids. VCD applications include the simple use of VCD spectra to 
resolve opposite enantiomers, determination of enantiomeric excess [99], but also 
the determination of absolute configuration of rigid organic molecules, including 
pharmaceuticals and conformational analysis of flexible molecules (for a review 
see [45]; for examples see Section 8.5.1). Semiempirical structural studies of poly- 
peptides, proteins and oligo- and polynucleotides represent a special and inspiring 
group of VCD applications (for reviews see [44, 64, 100—103]; for examples see Sec- 
tion 8.5.2). In recent years VCD was used as a tool to follow chiral supramolecular 
systems (for examples see Section 8.5.3). 


8.5.] 
Absolute Configuration and Detailed Structural Parameters 


VCD has become a spectroscopic method capable of the direct determination of ab- 
solute configuration. The advantage of the method is particularly significant when 
only the solution phase of chiral matter is available and the preparation of a single 
crystal of sufficient quality appropriate for X-ray analysis is not feasible for some 
reason. In addition, the capability of solution structure determination is very desir- 
able. The VCD calculation is derived from the basic physical principles and is inde- 
pendent of experiments. Since quantum mechanical methods are used for the 
calculations, the only empirical parameter is the bandwidth used in the spectra 
simulation as explained above. The methodology utilizing DFT [104, 105] is now 
well documented [106, 107] and extensively used for configurational and confor- 
mational analysis of chiral molecules. The survey of results obtained up to now is 
given in a review [45]. 

VCD configurational analysis of a rigid molecule typically consists of the follow- 
ing steps: 


(i) Selection of the absolute configuration of the molecular structure that should 
be calculated. The number of chiral centers in a molecule determines the 
number of possible stereoisomers that must be considered. 

(ii) Geometry optimization is followed by the determination of the normal vibra- 
tional modes, related to wavenumbers у), , of IR and VCD bands, and the di- 
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pole and rotational strengths related to the integrated IR and VCD intensities. 
These calculations at the DFT level are incorporated into commercial software, 
as Gaussian 98 and its further versions. Detailed description and analysis of 
the methods used is given in a review article by Stephens et al. [108]. 

(ii) Conversion of the computed result into a theoretical spectrum can be done 
using commercial software. The Lorentzian band shape is used and the band- 
width is chosen depending on the experimental values. 

(iv) Comparison of simulated — theoretical spectra with experiment can now be 
executed band-to-band. When the majority of the experimental and calculated 
IR bands correlate in terms of relative intensities and VCD bands in terms of 
both sign and relative intensity, the selected structure is with a very low uncer- 
tainty the real one. VCD spectra are very sensitive to configuration: Opposite 
enantiomers possess CD spectra with opposite signs. Even stereoisomers are 
distinguished almost unambiguously, because they differ significantly in sign 
and the relative intensities of a number of VCD bands. 


For rigid molecules, the procedure described above determines whether the chosen 
configuration is the right one. Development of the calculation methods based on 
DFT and the current computer technology enable to carry out an ab initio VCD cal- 
culation for isolated gas-phase molecule up to ~100 heavy atoms. Solvent effects 
can also be included to a certain extent. 

As an example of the VCD ability to discriminate absolute configurations, the 
experimental spectrum of 4-fluorophenyl-3-hydroxymethyl-1-methylpiperidine and 
the calculated spectra of the (3R,4R)- and (3R,4S)-isomer are presented in Fig. 8.5 
[109]. An almost perfect band-to-band correspondence is evident between experi- 
mental and calculated spectra of the (3R,4S)-isomer, while the calculated spectrum 
of the low energy conformer of the (3R,4R)-isomer provides unrealistic VCD pat- 
tern with a poor or even no coincidence with the experiment. In the calculated 
spectrum of the (3R,4S)-isomer, four low-energy conformers were included in the 
spectral envelope. For comparison, the corresponding calculated and experimental 
IR absorption spectra are shown. It is evident that the variance with respect to 
configuration is much more pronounced in VCD spectra: While the calculated 
spectrum for the (3R,4R)-isomer significantly differs from experimental VCD, the 
unpolarized absorption spectrum of the (3R,4R)-isomer exhibits some common 





Fig. 8.5. (а) VCD (b) and IR absorption spectra of 4-fluorophenyl-3- 
hydroxymethyl-1-methylpiperidine. From top to bottom: Calculated 
spectrum of low-energy conformation of (3R,4R)-isomer; calculated 
spectra of 7 conformations of (3R,4S)-isomer; an average spectrum of 
four lowest-energy conformations of (3R,4S)-isomer; and experimental 
spectrum. (Reprinted with permission from: P. Bour, H. Navratilova, V. 
Setnička, M. Urbanová, К. Volka, J. Org. Chem. 2002, 67, 161—168. 
Copyright 2002 American Chemical Society.) 
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features with the experimental IR spectra, primarily in the higher-frequency region 
and it is not useful to distinguish between the isomers. 

VCD is very helpful in the conformational analysis of chiral flexible molecules. If 
many conformers are identified, it is practical to search for low energy conformers 
at a semiempirical level. Figure 8.5 shows VCD and absorption spectra of low- 
energy conformers. VCD is again more sensitive to conformation than unpolarized 
absorption. Comparison of observed and experimental IR and VCD spectra can 
identify dominant conformations in solution. For the methylpiperidine derivative 
in Fig. 8.5, the average of the four lowest-energy conformations gives very good 
agreement with the absorption and VCD experiments. For obtaining a better re- 
sult, the set of spectra for the low energy conformers are weighted according to 
their fractional populations at temperature T, which is given by Boltzmann relation 
Му № = exp(—AE;/kT), where N;/No is the relative population of conformer i 
related to the population of the lowest energy conformer; AE; are the relative 
energies. 

The VCD study of the 1,1"-binaphthyl derivatives [110] serves as an example of 
other structural information that can be obtained by the comparison of experimen- 
tal and computed VCD. This method allows monitoring not only of absolute chir- 
ality of the molecule, but also of the contributions of individual functional groups 
to the spectra, molecular conformations or some important structural parameter. 
As an example, we discuss chiral binaphthyls which represent popular building 
blocks, chiral recognition receptors and catalyst. Controlling the angle between 
naphthyl planes is important when supramolecular complexes based on these 
compounds are built. 

The parent binaphthyl 1 exhibits rapid racemization (in minutes) and thus its 
VCD spectra cannot be obtained. However, other derivatives are stable and their 
VCD spectra were obtained in most cases for both enantiomers. Excellent agree- 
ment in the positions, signs and the relative intensity of the VCD bands for exper- 
imental and calculated spectra makes it possible to obtain detailed structural pa- 
rameters, for example, the torsional angle between the naphthyl planes depending 
on the substituents given in Table 8.3. It is obvious that the chain-bridged deriva- 


Tab. 8.3. Calculated torsion angles (deg) between two naphthyl 
planes. (Reprinted with the permission from V. Setni¢ka, M. Urbanová, 
P. Воиї, V. Kral, К. Volka, J. Phys. Chem. A 2001, 105, 8931—8938. 
Copyright 2001 American Chemical Society.) 








Angle Compound 
1 2 3 4 5 6 7 
9'-1'-1-9 74 87 95 104 90 85 57 


2'-1'-1-2 71 86 93 108 89 82 52 
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Fig. 8.6. (a) Experimental VCD spectra of 7: (S)-isomer, (R)-isomer, 
bold line; (b) calculated VCD spectra of 7: (S)-isomer; (c) calculated 
VCD spectrum of 1. (Reprinted with permission from: V. Setnička, 
M. Urbanová, P. Воиї, V. Kral, К. Volka, J. Phys. Chem. A 2001, 105, 
8931—8938. Copyright 2001 American Chemical Society.) 


tive 7 possesses a torsional angle < 60° that is quite different than for other deriv- 
atives. Figure 8.6 demonstrates how the structural difference is expressed in VCD. 
In addition, vibrational modes were assigned to individual groups of atoms by us- 
ing the calculated distribution of vibrational kinetic energy and the nature of the 
corresponding normal modes was determined by a dynamic visualization of the 
normal mode displacements. 


8.5.2 
Solution Structure of Biomolecules 


Biomolecules are mostly chiral, therefore chiroptical methods are the first choice 
among the spectroscopic methods applied to biomolecular structural studies. Char- 
acterization of peptides, nucleotides, proteins and nucleic acids by their ECD spec- 
tra became a generally used procedure and was repeatedly reviewed [1]. 

The и-л* (210-230 nm) and л-л* (185-200 nm) transitions of amide groups 
yield information about the secondary structure of oligopeptides, polypeptides and 
proteins. Three types of interactions between these two transitions are responsible 
for the observed ECD: exciton interactions between degenerate л-л* transitions 
within different peptide groups, mixing of n-z* and л-л* transitions within differ- 
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ent peptide groups, and mixing of n—z* and л—л" transitions within a single pep- 
tide group. The polypeptide structure implies that interactions of transitions result 
in typical shapes of UV ECD spectra for different elementary secondary structures 
such as o-helix, f-sheet, polyproline II-like. The methods analyzing protein spectra 
in terms of elementary secondary structures have been reviewed [111]. 

In DNA, the UV active chromophores are the bases of adenine (A), guanine (G), 
cytosine (C), and thymine (T). Their strong л-л* and weak n-z* transitions them- 
selves situated in the 190—300 nm region are not inherently optically active. How- 
ever, since bases are attached to optically active deoxyribose, the sugar component 
can induce the CD in the base chromophores. ECD of DNA brought very valuable 
information about different forms of single strands, double helixes, the depen- 
dence of the structure on physico-chemical conditions, as reviewed by Johnson 
[112], and also about non-classical conformations and modified oligonucleotides 
[113]. 

VCD does not suffer from the disadvantages characteristic for UV/vis region. 
Many reviews are available on the application of these techniques [16, 62, 63, 99, 
101, 102], on detailed structural information about polypeptide (for a review up to 
1995 see [61]) and on the potential of VCD for the study of DNA and sequential 
oligonucleotides [103, 114, 115]. For peptides and proteins [116-121], VCD par- 
ticularly utilizes vibrational transitions related to the amide group: amide I, i.e. 
mostly the C=O stretching vibration, amide II, which is primarily the М-Н defor- 
mation, and the C-N stretch. If the amide group is deuterated, the analogous 
characteristic vibrations are called amide I’ and amide II'. The VCD spectra for 
particular secondary structures, e.g. o-helix, fj-sheet, or polyproline I-like struc- 
tures, are characteristic. The two amide transitions are very sensitive to the struc- 
ture of biopolymers alone but also enable to follow subtle changes in the local 
structure caused by physico-chemical conditions in solution and supramolecular 
interaction [34—36, 103, 122, 123]. Detailed structural studies of the local peptide 
structure were carried out using isotopic substitutions [124—127]. 

VCD was also applied to the study of DNA including sequential oligonucleotides 
and their interaction with metallic ions [79, 128-134]. Two mid-IR region are used 
for applications to the DNA structural studies: the nucleoside base region, 1800— 
1500 cm" 1, where bands are assigned to C=O and C=N vibrations of the DNA 
bases, and the phosphate region, 1300-1000 cm-!, where vibrations typical to 
РО groups of the DNA backbone are observed. Aqueous solutions are very often 
the best environment for biopolymer studies, alternately НО or D20 are used de- 
pending on the needed spectral window. 

Recently, we have also used VCD and a combination of VCD and ECD to study 
the non-covalent interactions between two groups of important biomolecules, i.e. 
biopolymers — polypeptide and DNA – and cationic and anionic porphyrins [34— 
36]. 

The sensitivity of VCD to structural variations of the polypeptide-porphyrin 
complexes is demonstrated in Fig. 8.7. The secondary structure of the peptidic 
part of the poly-1-glutamic acid—cationic porphyrin TATP complex can be changed 
by pH variation. At acidic pH (~5), its o-helical structure is demonstrated by the 
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Fig. 8.7. VCD and absorption spectra of poly-L-glutamic acid-TATP- 
TPPS in D20 at pH ~ 5 (a), simulated spectra (b). VCD and 
absorption spectra of poly-L-glutamic acid-TATP in 4096 methanol-d4/ 
D20 at pH ~ 5 (c) and pH ~ 8 (d). (Reprinted with permission from: 
L. Palivec, M. Urbanová, K. Volka, J. Peptide Sci. 2005, 11, 536—545. 
Copyright 2001 John Wiley & Sons Ltd.) 


typical shape of the amide I’ pattern (from small to high wavenumbers, —/4-/ —). 
At pH ~ 8, the same system adopts а polyproline II-like structure demonstrated by 
quite a different shape of the amide I’ pattern (—/+). If an anionic porphyrin is 
added to the poly-r-glutamic acid-cationic porphyrin complex, the structure of 
the peptidic part of the complex changes. Existence of the ternary complex is 
proved by UV/vis absorption. Its VCD spectrum in the amide I’ region can be si- 
mulated as a sum of both the o-helical and the polyproline II-like patterns (Fig. 
8.7). Structural variation in this ternary complex is interpreted as partial destruc- 
tion of the «-helical structure and the formation of left-handed polyproline I-like 
helical conformation. 

As an example of complementarity between ECD and VCD, a study of interac- 
tions between calf thymus DNA and inherently achiral porphyrins is shown [34]. 
ECD (230-300 nm) reflects the DNA part of complexes; the optical activity of the 
porphyrin part of complexes induced by interaction with chiral DNA is observed in 
the Soret region (380—470 nm (Fig. 8.8). Although ECD spectra are treated gener- 
ally as a reliable marker for different binding modes of porphyrins with DNA, VCD 
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Fig. 8.8. ECD (top) and visible absorption (bottom) spectra of (A) 
РМА-Си(И)ТМРУР; (B) DNA-Fe(III)TMPyP; and (C) DNA-TMAP 
complexes in the Soret spectral region at different c(DNA)/ 
c(porphyrin) concentration ratios. UV spectra given as inset. (Reprinted 
with permission from: J. Novy, M. Urbanová, K. Volka, Collect. Czech. 
Chem. Commun. 2005, 70, 1799—1810. Copyright 2005 Institute of 


Organic Chemistry and Biochemistry, Academy of Sciences of the 
Czech Republic.) 


8.5 Examples of Vibrational Circular Dichroism Applications 








noise C 





Absorbance 
[e] 
№ 








1700 1800 1700 1600 1700 1600 
Wavenumber / cm" 


Fig. 8.9. VCD (top) and IR (bottom) spectra of (A) DNA- 

Cu(II) TMPyP; (B) DNA-Fe(III) TMPyP; and (C) DNA-TMAP complexes 
at different c(DNA)/c(porphyrin) concentration ratios. (Reprinted from: 
J. Novy, M. Urbanová, К. Volka, Collect. Czech. Chem. Commun. 2005, 
70, 1799-1810 with permission of the Institute of Organic Chemistry 
and Biochemistry, Academy of Sciences of the Czech Republic.) 


spectra obtained for different porphyrin- DNA systems possess additional informa- 
tion about specific groups of atoms involved in the interactions (Fig. 8.9). 

The interactions of Cu(II)TMPyP with DNA result in an intercalative binding 
mode that corresponds to a negative band at 426(—) nm in ECD spectra and a 
new positive band at 1690(+) ст! in VCD spectra. The binding of Cu(II)TMPyP 
affects substantially the DNA structure in the GC base-pair regions at higher 
Cu(II)TMPyP loadings. Intercalative sites are saturated at the 3/1 ratio, which is 
demonstrated by the fact that VCD and ECD resemble those of poly(dA-dT); [112, 
135]. 
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Fe(III)TMPyP binds externally to a minor groove of DNA that is revealed by а 
positive band in ECD spectra and as a shift of the positive VCD band from 
1639(4-) ст! to 1632(4-) cm, accompanied by an intensity decrease. 

ECD spectra show that TMAP binds to the minor groove binding at higher 
c(DNA)/c(TMAP) ratios and externally accompanied by self-stacking of TMAP 
along the phosphate backbone at smaller c(DNA)/c(TMAP) ratios, which are dem- 
onstrated in ECD as a positive band and as a couplet with both positive and nega- 
tive bands of similar intensities. In VCD spectra, the minor groove binding is dem- 
onstrated by a shift of the band from ~1639(+) to 1634(--) стг! and the external 
major groove binding as a less intense positive band at 1661(+) ста“!. 


8.5.3 
Supramolecular Systems 


Most applications of ECD spectroscopy in supramolecular chemistry, which can be 
counted to hundreds, involve proofs of existence and determination of properties 
(chirality) of potentially chiral supramolecular structures. The convergence of the 
ECD amplitude is taken as a criterion of pure enantiomers. The loss of structure 
upon the change of physico-chemical properties can be followed by the decrease 
of CD signal. Another concept uses chromophores [24] for testing the three dimen- 
sional structure of supramolecular systems. If the isolated chromophore is not 
chiral and induced circular dichroism (ICD) is observed in the system, we can 
sometimes deduce the structure of the chromophoric environment (see section 
8.4.2). Ab initio calculations open another possibility to employ ECD into supra- 
molecular chemistry (Section 8.1.3). 

Due to the advantages described previously, VCD is also suitable for applications 
in supramolecular chemistry in all situations where chiral functionalities are 
employed or a chiral arrangement of chiral or even non-chiral components takes 
place. Although not so widespread as ECD, VCD also starts to have impact in 
supramolecular chemistry. To illustrate the use of VCD in supramolecular chemis- 
try, a few examples of recent research are provided. 

VCD was used to study the sol-gel phase transition process of a brucine- 
porphyrin based gelator [136, 137]. In Fig. 8.10, VCD and IR absorption spectra of 
brucine, which represents a chiral moiety in the conjugate, are shown in three dif- 
ferent solvents. VCD spectra reveal almost the same shape, position and intensity 
of the corresponding VCD bands independently of the solvent used. The band 
observed in absorption and VCD at 1680-1640 ст“! was assigned to the C=O 
stretching vibration. The bands at 1604, 1501, 1467 and 1453 ст! were assigned 
to the C=C stretching and СН;, CH; and CH deformation modes. Because VCD 
spectroscopy reflects the local arrangement of molecules in solution very sensi- 
tively, it is obvious that brucine alone is a rigid molecule with non-varying confor- 
mation in all solvents. 

Tetrabrucine-appended porphyrin was proved to be an excellent gelator of 
CD3OD; it entraps about 3000 molecules of solvent per one gelator molecule. Fig- 
ure 8.11 shows its VCD and IR absorption spectra in the C-O region for the 
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Fig. 8.10. VCD (A) and IR absorption spectra (B) of brucine in 
(a)CD30D; (b) DMSO-dg; (c) СРСћ, and (№) typical noise spectrum. 
(Reprinted with permission from: V. Setnička, M. Urbanová, S. 
Pataridis, V. Kral, K. Volka, Tetrahedron: Asymmetry 2002, 13, 2661— 
2666. Copyright 2002 Elsevier.) 


following states: when the gel phase is formed in CD3OD, in the sol phase in 
DMSO-ds, and in the CD3OD/DMSO-d,g mixture. It is evident that changes of the 
molecular chirality of tetrabrucine conjugate induced by the sol-gel phase transi- 
tion are well observable in VCD spectra. The conjugate in DMSO-dg exists in the 
sol phase and provides the characteristic negative VCD signal in the C-O region 
very close in intensity and position to that observed for pure brucine shown in 
Fig. 8.10. This is in agreement with the fact that DMSO-d, prevents any interac- 
tions. Therefore, the rigid brucine moiety not participating in an interaction is 
manifest by its characteristic VCD signal. For CD3OD/DMSO-d, = 4/1, the gel 
is formed and the intense positive VCD signal is observed. Its intensity is even 
higher in pure CD;OD, when the more viscous gel is formed. The sign inversion 
and enhanced intensity indicate variation of rotational strength related to the C-O 
stretching modes as a consequence of the formation of highly ordered chiral as- 
semblies. VCD sensitivity to sol-gel transition makes it possible to follow the tem- 
perature stability of the organogel and the sol-gel transition [136]. 
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Fig. 8.11. VCD (A) IR absorption spectra (B) of tetrabrucine conjugate 
in (a) СОЗОР; (e) DMSO-dg; and in the CD3OD/DMSO-de mixture 
solvent (v/v): (b) 4/1; (c) 1/1; (d) 1/4. (Reprinted with permission 
from: V. Setnička, M. Urbanová, S. Pataridis, V. Kral, К. Volka, 
Tetrahedron: Asymmetry 2002, 13, 2661—2666. Copyright 2002 Elsevier.) 


Another example of a semiempirical VCD study addresses an open question 
about the structural characterization of a challenging dendritic system, the substi- 
tuted quinine QuiG0-G2 [138]. The chiral quinine moiety was substituted by 
dendritic polybenzyl ether units up to generation 2 (Fig. 8.12). Enhanced Cotton 
effects were observed in ECD spectra along with increasing size of inherently achi- 
ral dendritic polybenzyl ether branches attached to a chiral core. VCD is able to 
resolve individual characteristic vibrations and enables to follow “the dendritic ef- 
fect" in detail. In IR absorption and VCD spectra, the signals marked as 1-6 are 
assigned to vibrations connected to the chiral quinine moiety (Table 8.4). Apart 
from these signals, additional IR bands 7-11 are assigned to vibrations localized 
in dendritic branches. Their intensities increase with the generation of the den- 
dritic substituent attached to the quinine moiety. Only some vibrations localized 
in the formally achiral dendritic branches (7, 10, 11) acquire optical activity and 
the "dendritic effect" is observed. From a combination of IR absorption and VCD 
spectra, it is evident that the observed “dendritic effect" is due to the benzene and 
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Fig. 8.12. VCD (А) and IR absorption (B) spectra of the quinine 
derivatives substituted with dendritic polybenzyl ether units for 
generations 0—2. (Reprinted with the permission from: U. Hahn, A. 
Kaufmann, M. Nieger, O. Julínek, M. Urbanová, F. Vogtle, Eur. J. Org. 
Chem. 2006, 1237—1244. Copyright 2006 Wiley-VCH.) 


C-O-C groups rather than connected with the CH; subunits of the dendritic 
branches. The VCD results support the explanation of the observed induced circu- 
lar dichroism effect as a consequence of the chiral arrangement of the inherently 
achiral benzene rings within the dendritic branches that was induced by the chiral 
center. 

In the following example, we describe the extension of the ab initio DFT based 
methodology to the field of supramolecular chemistry [71]. X-ray analysis [139] 
has shown that crystals of ( R)-2,2'-dimethyl-biphenyl-6,6'-dicarboxylic acid contain 
intermolecular H-bonded supramolecular cyclotetramers and vapor phase osmom- 
etry [139] has indicated the degree of association ~4 in CHCl; solution. The meth- 
odology consisting in the combination of experimental and ab initio calculated 
VCD spectra was employed to confirm the tetrameric structure in the solution 
and elucidate it in more details. 

Experimental absorption and VCD spectra in СОС; and DMSO-d. are shown 
in Fig. 8.13, where the difference between the two solution spectra is especially 
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Tab. 8.4. Assignment of the VCD and IR absorption signals of quinine 
derivatives to characteristic vibrations. (Reprinted with the permission 
from: U. Hahn, A. Kaufmann, M. Nieger, O. Julínek, M. Urbanová, F. 
Vogtle, Eur. J. Org. Chem. 2006, 1237—1244. Copyright 2006 Wiley- 





VCH.) 
Pattern у (cm7!) Peak assignment 

1 1590-1620 C=C, C=N ring? 

2 1507 quinoline? 

3-5 1433-1474 quinuclidine ring and asymmetric СНза 
6 1300 quinuclidine ring and asymmetric СНза 
7 1595 dimethoxybenzene^ 

8 1453 scissoring CH;^ 

9 1380 СН» overlapped by СНз» 

10 1300-1344 arom. O- R^ 

11 1158 C-O-Ch 





а Band assigned to the quinine moiety. 
^ Band assigned to the dendritic branch subunit. 
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Fig. 8.13. (а) IR absorption and (b) VCD spectra of (S)-2,2"-dimethyl- 
biphenyl-6,6'-dicarboxylic acid in СОС); (full line) and DMSO-dg 
(dashed line). (Reprinted with permission from: M. Urbanová, V. 
Setnička, F.J. Devlin, P.J. Stephens, J. Am. Chem. Soc. 2005, 127, 6700- 
6711. Copyright 2005 American Chemical Society.) 
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pronounced in VCD in the carbonyl region: the VCD signal measured in CDCl; 
solution is more than 20 times higher than that obtained in РМ$О-4%. 

The differences between the VCD spectra in DMSO-d¢, which prevents aggrega- 
tion, and in CDCl;, which supports aggregation, suggest that the observed effect is 
caused by the formation of supramolecular aggregates, most probably a cyclote- 
tramer observed by X-ray crystallography. The formation of aggregates was also 
confirmed by the concentration dependence of IR absorption in the carbonyl and 
С-Н, О-Н stretching regions (not shown). Each tetramer contains four (СООН), 
moieties which exist in two tautomeric forms labeled as a and b when the C-O 
groups are oriented "cis" and "trans", respectively, with respect to the central 
C-C bond. Each moiety can adopt each of the a or b forms, which leads to six 
distinct conformations of the cyclotetramer: aaaa, aaab, aabb, abab, abbb, bbbb. In 
reference [71], the structure of all conformers was optimized at the B3LYP/6-21B* 
level; vibrational frequencies, relative energies, enthalpies, entropies, and free ener- 
gies (at 298 K) were calculated and the absorption and VCD spectra were com- 
puted. The relative energy is smallest for conformation aaaa with D4 symmetry 
and increases quite regularly with the increasing number of (COOH), moieties in 
conformation b. Surprisingly, the lowest relative free energy is calculated for the 
conformation aaab with the C; symmetry shown in Fig. 8.14. 

The conformation responsible for the experimental spectra in CDCl; can be 
clearly identified by comparing the IR absorption and VCD spectra calculated for 
the six conformations mentioned above. A good coincidence is observed for confor- 





Fig. 8.14. B3LYP/6-21B* structure of the aaab conformers of 
cyclotetramer. (Reprinted with permission from: M. Urbanová, V. 
Setnička, F.J. Devlin, P.J. Stephens, J. Am. Chem. Soc. 2005, 127, 6700— 
6711. Copyright 2005 American Chemical Society.) 
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Abbreviations 


mation aaab. Any other conformation exhibits poor agreement between the calcu- 
lated and experimental pattern. Part of the analysis concerning the C-O stretching 
modes is demonstrated in Fig. 8.15. A similar agreement was observed for the rest 
of the mid-IR region. This is the first analysis in which VCD spectroscopy coupled 
with DFT calculations was used to elucidate the structure of a supramolecular spe- 
cies; it clearly demonstrates the potential of VCD spectroscopy in the field of supra- 
molecular chemistry. 


8.6 
Concluding Remarks 


There are many methods of structural analysis which can be applied to problems 
related to supramolecular chemistry. They vary greatly in speed, resolution, struc- 
tural capabilities and ease of application. In this respect, chiroptical methods be- 
long somewhere in the middle. They are of relatively low resolution as far as struc- 
tural detail is concerned. The level of available detail does not compare favorably 
with diffraction methods or NMR analysis. This is however fast improving along 
with the current progress made in the field of computational chemistry, particu- 
larly when molecular vibrations are examined. On the other hand chiroptical 
methods possess very distinct advantages: they are reasonably easy to apply; they 
do not require crystals; the possible range of solvents and solution concentrations 
is acceptably wide; the experiment can be carried out rather rapidly; and the time 
scale on which these methods operate is rather short, so they can be use to follow 
rather rapid structural changes, for example formation, disappearance or a change 
of a chiral supramolecular structure. 

Particularly VCD and ROA provide not only static structural information, but 
also a picture of intermolecular forces as well. A comparison to molecular dynam- 
ics modeling is an evident application for the near future. 


Abbreviations 


CD circular dichroism 

CPL circularly polarized luminescence 
DCP double circular polarization 

DFT density functional theory 

ECD electronic circular dichroism 
FDCD fluorescence detected circular dichroism 
FFT fast Fourier transform 

FT Fourier transform 

ICD induced Circular Dichroism 

ICP incident circular polarization 

IR infrared 


MFP magnetic field perturbation 
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optical rotatory dispersion 
photoelastic modulator 
Raman optical activity 
scattered circular polarization 
signal-to-noise ratio 


ultraviolet 
vibrational circular dichroism 
visible 
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9 
Crystallography and Crystal Engineering 


Kari Rissanen 


9.1 
Introduction 


X-ray crystallography is at present the most powerful tool for the detailed structural 
analysis of crystalline supramolecular compounds, complexes and intermolecular 
interactions. However, only a few decades ago a single crystal X-ray diffraction 
study of a crystalline solid was considered to be a very tedious and time-consuming 
task performed by well-educated and experienced crystallographers. Certainly, X- 
ray crystallography was not generally accepted as a routine analytical tool for struc- 
tural analysis, except for well-diffracting small molecule crystals. Meanwhile, the 
extremely fast development of computers has had a direct impact on the speed 
and ease of X-ray diffraction analysis. Modern area detector based diffractometers 
allow very fast and accurate data collection and processing, so that several, even 
very large, data sets can be collected and processed in one day. Fast computers 
also speed up the structure solution and refinement, so that even very complicated 
problems can be tackled within a reasonable time. The simultaneous development 
of Supramolecular Chemistry and crystallographic techniques has merged the 
supramolecular ideology with classical crystallography giving birth to a new re- 
search area called Crystal Engineering. Crystal Engineering is a very young re- 
search field and still in its infancy but can already be considered as a scientific 
genre. 

Even though the first use of the term "Crystal Engineering" can be found from 
proceedings (as abstract) of the American Physical Society Meeting in 1955 [1], it 
was as late as 1971 when the term crystal engineering was used by G. M. J. 
Schmidt [2] in a full scientific paper. In this article, crystal engineering was used 
for the first time as an explicit term, also the article postulated that, under suitable 
conditions, molecular recognition events, viz. self-assembly, could be the major 
factor leading to crystal formation. The rapid development of supramolecular 
chemistry — elegantly defined by J.-M. Lehn [3, 4] as the "chemistry beyond the 
molecule, bearing on the organized entities of higher complexity that result from 
the association of two or more chemical species held together by intermolecular 
forces" — had a major impact on the birth of crystal engineering. The weak inter- 
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molecular interactions which form supramolecules or supramolecular assemblies 
are the same as those that act in the formation of crystals, thus a link between 
supramolecular chemistry and crystal engineering became apparent. This concept 
was taken to the crystallographic extreme by J. Dunitz [5, 6] when he referred to 
organic crystals as "supermolecule(s) par excellence". 

Since the publication “Crystal Engineering: the Design of Organic Solids", a single 
author book [7] on crystal engineering principles, Professor Gautam Desiraju (Hy- 
derabad, India) has had a major role in the definition and development of “Crystal 
Engineering". More recently, Professor Dario Braga (Bologna, Italy) has contrib- 
uted significantly to the future trends in crystal engineering [8]. Very recently, two 
journals, Crystal Engineering Communications (CEC, Royal Society of Chemistry 
journal, started late 1999) and Crystal Growth and Design (CGD, American Chemi- 
cal Society journal, started late 2000) have been established, focusing on all aspects 
of crystal engineering. Also, a large number of purely crystal engineering research 
papers appear frequently in the top chemical journals like Journal of American 
Chemical Society, Chemistry European Journal, Chemical Communications, Inorganic 
Chemistry, Journal of Organic Chemistry, New Journal of Chemistry, European Journal 
of Inorganic Chemistry, European Journal of Organic Chemistry, just to mention a few. 
The Institute of Scientific Information (ISI), Web of Science general search under 
topic "crystal engineering" between years 1986—2006 references 1136 articles con- 
taining "crystal engineering" in the article titles, keywords or abstracts [9]. The 
quantity of publications is not yet very big, but is very rapidly increasing and will 
soon reach a level of several hundred publications per year. 

Especially, large supramolecular systems impose a very demanding task on X-ray 
crystallography. The size of the structures to be solved are comparable to small pro- 
teins (up to FW 10000), yet protein crystallographic techniques cannot be applied 
to supramolecular systems. The methods developed for small molecule crystallog- 
raphy have to be adapted to large supramolecular systems thus making the struc- 
tural analysis of such systems both demanding and, when successful, also very 
rewarding. 


9.2 
Crystallography 


9.2.1 
Introduction 


This chapter is written for graduate and post graduate students and researchers 
with no previous knowledge of structural analysis based on single crystal X-ray dif- 
fraction. The aim is not to give a comprehensive treatise of the crystallography per 
se, but to give a non-mathematical description of the method, practical hints and 
advice to those supramolecular chemists designing and synthesizing systems, 
whose structures they want to study and analyze using X-ray crystallography with 
or without the help of a service crystallographer or a crystallographic collaborator. 


9.2 Crystallography 


This concise treatise is not intended to make readers experts on hardcore crystal- 
lography, but to help them to get a qualitative picture of the method and under- 
stand the underlying principles and drawbacks of single crystal X-ray diffraction 
analysis. To study the theoretical basis of X-ray crystallography in detail, the reader 
is encouraged to read some excellent X-ray crystallography text books to become 
fully acquainted with the theory involved at introductory [10], intermediate [11] or 
advanced [12] level. 

Modern single crystal X-ray crystallography has two major application areas. 
Small molecule crystallography focuses on target structures having molecular 
weights between 100 and 700 (in crystallographic terms more appropriate defini- 
tion is “а weight of the asymmetric unit", Wau [13], more about this later in the 
text), resulting in very precise and accurate bond distances and angles with low 
crystallographic agreement factor, so called R-factor (normally «0.07) due to good 
quality crystals with no disorder and a high (usually >10) ratio of the number of 
observed reflections to the number of refined parameters. The R-factor is a mea- 
sure of the level of agreement between the properly scaled observed structure fac- 
tors, Роз, (from the intensity data obtained during data collection phase) and cal- 
culated structure factors (Рас) (see Section 9.2.2.5 for explanation of a structure 
factor). It can also be expressed as a percentage, i.e. an R-factor of 0.07 can be re- 
ported as 7%. The R-factor, also known as residual factor, is mathematically de- 
fined (Eq. 9.1) as the sum of all discrepancies between the corresponding observed 
and calculated structure factors (ignoring the signs of the differences) and normal- 
izing the sum by dividing by the sum of observed structure factors. The R-factor is 
thus structure independent and can be compared with different structures. 
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The other, technically quite different application area, is protein crystallography 
which deals with very large structures, even virus structures, where Wa, can be 
as high as 100 000. However these structures cannot be considered to be crystallo- 
graphically very accurate, often the resolution is not high enough to determine 
individual atom positions, and instead amino acid residues are located. Protein R- 
values are seldom less than 0.15 and the ratio of the number of observed reflec- 
tions and number of refined parameters is very low («5). However protein X-ray 
structures are considered to be reliable structural information about the conforma- 
tion and overall structure of the protein in the crystalline state. 

Accurate determination of the structures of molecular inclusion complexes and 
molecular assemblies has gained in importance in supramolecular chemistry and 
recently in crystal engineering. Detailed information about the nature of these weak 
intermolecular interactions is crucial in order to understand and further develop 
supramolecular systems and understand crystal growth and the properties of crys- 
talline materials. Particularly accurate structural information can be gained in the 
solid state by single crystal X-ray crystallography. 


R= 





(9.1) 
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9.2.2 
A Walk through a Single Crystal Structural Determination 


Single crystal structural analysis is a multistep procedure and has many key points. 
The aim of this section is to give a non-mathematical “walkthrough” the structural 
analysis which goes as follows (after the synthesis and purification of the target 
compound): crystal — selecting and mounting of the crystal — unit cell determination 
and preliminary space group selection — data collection (measurement of the intensity 
data), data processing and final space group determination — data reduction, structure 
solution and refinement — analysis of the structure (tables, figures, etc.). Some basic 
crystallographic definitions are given in the appropriate sections, but as mentioned 
in the introduction, for a mathematical explanation the reader is encouraged to 
check Refs. [10|-[12]. Modern area detector based diffractometers (Fig. 9.1) are 
fully automated robots that will do the data collection automatically with relatively 
little effort from the structural analyst. 





Fig. 9.1. Modern area detector diffractometer (Bruker-Nonius Kappa 
APEX 11) with sealed-tube Mo-radiation source and low-temperature 
cooling device in Jyvaskyla University X-ray diffraction laboratory. The 
blow-up picture shows the goniometer head into which the crystal 
under study has been mounted. 


9.2 Crystallography 


9.2.21 The (Single) Crystal 

By far the most important item in structural analysis of a particular supramolecu- 
lar system by X-ray crystallography is, of course, the crystal. The need of a single 
crystal, good enough for the structural analysis of a given system is crucial; this is 
at the same time the major drawback of X-ray crystallographic structural analysis. 
The lack of suitable crystals will make the structural analysis completely impossi- 
ble, unlike in almost all other analytical techniques, where “running” the mea- 
surement is possible, e.g. one can run an NMR or MS spectrum from virtually any 
soluble sample. This, however, does not mean that reasonable results are obtained 
from the NMR or MS measurement even if the spectrum is of fairly good quality. 
In X-ray crystallography the measurement (called data collection) cannot be done 
without the crystal. In other words without a good enough single crystal, structural 
analysis by X-ray crystallography cannot be performed. It is worth noticing that not 
all material that looks like a crystal is a good single crystal. Examples of good dif- 
fraction quality crystals can be seen when either table salt (NaCl) or granulated 
sugar is inspected under a microscope. It is quite often impossible to obtain such 
good looking (and diffracting) crystals as salt or sugar, but the reader is reminded 
that the "looks" of the crystal is not a guarantee that it will be of good diffraction 
quality. The final check should always to be done using the diffractometer. 

The starting step in X-ray diffraction structural analysis is the production of the 
crystals from the target molecule/system. It might be that, during the purification 
step of the synthesis, precipitation has already produced material which contains at 
least one good enough single crystal or that the recrystallization of the compound 
can easily be done, i.e. growing a crystal from the target compound by specific pro- 
cedure(s) (see below). The most important property of the crystal is a good enough 
periodicity of the crystal lattice, i.e. packing of the molecules and solvent molecules 
if present), to gain enough diffraction power. The periodicity is induced by the 
crystal growth, a very subtle and more or less spontaneous ordering/desolvation 
process of molecules, ions and/or solvent molecules. No matter what technique 
evaporation, diffusion, sublimation, etc.) is used to obtain the crystal, the only 
goal is to produce the best possible periodicity of the entities to be studied. The 
success of this on the other hand solely depends on the nature of the system 





molecules and solvents) from which the crystals are intended to be formed. Supra- 
molecules normally behave like large organic molecules, being soluble in certain 
solvents, and the same techniques that are used for organic molecules can nor- 
mally be applied to supramolecules, too. Before starting, the reader is encouraged 
to read appropriate chapters in the crystallographic text books [10-12], or from 
articles/websites on crystal growing [14, 15] or search the World Wide Web for in- 
formation using the search term “crystal growth’. With modern area detector dif- 
fractometers the size of the crystal is not as important as it was earlier, typically the 
size is from 0.1 x 0.1 x 0.1 mm to 0.5 x 0.5 x 0.5 mm (well-diffracting crystals as 
small as 0.05 x 0.05 x 0.05 mm can give good data sets). 

In addition to the periodicity of the crystal lattice, there are other factors affecting 
the diffraction quality of the crystal, i.e. the type of the ordered atoms have a signif- 
icant influence on the diffraction power of the crystal. The heavier (more electrons) 
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Fig. 9.2. The chemical structures and molecular weights of benzene 
(left) and hexaiodobenzene (right). 


and more well-ordered atoms the crystal lattice contains, the better will be the 
diffraction/scattering power. In supramolecular systems, the crystal lattice consists 
mainly of light elements like carbon, hydrogen, oxygen and nitrogen, and only 
when metallo-supramolecular systems are studied are heavier elements, like tran- 
sition metals, bromide and iodine, usually present. A very rough but practical esti- 
mate for the intrinsic diffraction power (dp) [16] (if ideal periodicity is assumed) of 
the compound can be estimated simply by dividing its formula weight by 
the number of atoms in the molecule/assembly (N), dp = FW/N, e.g. benzene 
dp = 6.5 (78/12 = 6.5); hexaiodobenzene dp = 69.4 (833/12 = 69.4). 

Therefore the quality of the crystal, ie. perfect periodicity of the crystal lattice, is 
extremely crucial for light-atom structures with high Wau (>1000) values, as is fre- 
quently the case in supramolecular systems. 

The third important point about the crystal is its stability. Even if the two first 
requirements related to diffraction quality of the crystal are met, crystal structure 
analysis may be hampered or prevented by crystals that are highly unstable under 
normal laboratory conditions. Large supramolecular assemblies are held together 
by weak intermolecular interactions, and crystals consisting of such entities are 
often very sensitive to the environment and fragile to handle. Solvent molecules 
usually play a crucial role in the crystal growth of supramolecular systems and are 
needed in the construction of the periodical crystal lattice. Thus, many supramo- 
lecular crystals are only stable in solvent(s) from which they have been (re)crystal- 
lized. It is impractical to change laboratory conditions to enhance crystal stability 
since crystals can easily be handled inside the mother solvent and/or protected 
against decomposition. When no information about the stability of the crystals ex- 
ists, all new crystals should be treated as unstable. This already has to be taken into 
account at the recrystallization phase. When the crystals are formed and existing in 
solution, the crystallization vessel should be closed to ensure that the mother sol- 
vent does not evaporate and thus the crystals stay in solution. Mailing or transpor- 
tation of crystals, if needed, must accordingly be done in well packed sealed tubes, 
flasks or ampoules. 


9.2.2.2 Mounting of the Crystal 

For unit cell determination and data collection, the crystal must be mounted 
into the diffractometer on the goniometer head (see Fig. 9.1, blow-up part), this is 
done by using a specially constructed brass pin crystal holder (Figs. 9.3. and 9.4). 
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Fig. 9.3. Schematic presentation of different crystal holders (to be 
placed into the goniometer head: Fig. 9.1). 





Fig. 94. А photo of the actual crystal holders with a cm scale for comparison. 
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Stable crystals for room temperature measurements can be simply glued with non- 
crystalline glue onto the tip of a glass fiber fixed on a brass pin (see Fig. 9.3, left). 
At present, all measurements are or should be routinely done at low temperatures 
(80—170 K) and then a loop (see below and Fig. 9.3, middle) is used. For low tem- 
perature measurements or mounting sensitive and unstable crystals the selected 
crystal is “fished” under a microscope from the mother solvent or from the micro- 
scope plate by a “оор” crystal holder dipped into commercially available perfluori- 
nated polyether [17] (so called “Magic Oil"). This “о” is viscous, oxygen free and 
unreactive and forms a film around the crystal, protecting it from the hostile envi- 
ronment. During unit cell determination and data collection the crystal must not 
move inside the loop. This is best achieved when the crystal is cooled (with cooling 
devices available from X-ray diffractometer manufacturers) below 193 K (—80 °C). 
This procedure has an additional advantage since the low temperature during unit 
cell determination and data collection reduces the thermal movement of the atoms 
in the crystal thus improving the quality of the data set. 

If the crystal does not survive cooling (if cracks appear and/or the intensity of the 
reflections is lost) or it cannot be transferred intact into the loop (or seems to react 
or decompose inside the oil as happens occasionally), the crystal can be sealed into 
a capillary crystal holder (see Figs. 9.3 and 9.4, right). 

The advantages of this procedure is that the crystal is in contact only with the 
mother solvent (actually surrounded by it all the time) and that the unit cell deter- 
mination and data collection can also be performed at room temperature. Disad- 
vantages are the extreme care needed to seal and manipulate the fragile capillary 
crystal holder, which is unique for each crystal, and the possible movement of the 
crystal inside the capillary tube during measurement. After successfully placing 
the crystal into the diffractometer, unit cell determination can commence as the 
next step. 


9.2.2.3 Unit Cell Determination and Preliminary Space Group Selection 

The essence, after a suitable crystal is obtained and properly mounted, is to check 
using the diffractometer, if the crystal diffracts X-rays. The crystal in its proper 
holder is first placed into the goniometer head (Fig. 9.1, blow-up) and then the go- 
niometer head with the crystal is mounted into the goniometer (the part that ro- 
tates the crystal during measurements) in the center of the diffractometer (Fig. 
9.1). The goniometer head with the crystal is carefully transferred into the goniom- 
eter and then, using the screws in the goniometer head (Fig. 9.1, blow-up), ad- 
justed to the exact center of the X-ray beam so that when rotated the center of the 
crystal always stays in the same place (in the center of the X-ray beam). 

The X-ray beam will diffract (scatter) from the crystal and the reflected X-ray 
beams (reflections) are collected with a detector. Figure 9.5 schematically shows 
the principle; the reader is encouraged to read Refs. [10—12] for a more profound 
discussion of the diffraction phenomenon. 

Before the unit cell determination and the actual data collection, the diffraction 
pattern image from the crystal should be very carefully evaluated for three factors: 
(i) Does the crystal diffract at all (even very nice looking crystals might not dif- 
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Fig. 9.5. Schematic presentation of diffraction of an X-ray beam from the crystal. 


fract)? (ii) If so, does the diffraction pattern indicate twinning of the crystal ("twin 
peaks" or two reflections systematically too close to each other)? (iii) How high is 
the resolution with which the crystal diffracts (visible reflections near the edges of 
the image, Fig. 9.6). The diffracting image is obtained by rotating the crystal around 
the brass pin axis during the exposure with the X-rays and should result many re- 
flections ("spots") on the detector. The detector image should look like the sky full 
of stars in a dark cloudless night (Fig. 9.6). If such an image is obtained, the crystal 
diffracts. The quality of the image will show if it is a well-diffracting single crystal. 
If very few or no "spots" appear in the image, the crystal does not diffract well 
enough and has to be replaced. 

If in the diffraction image either one of the two factors is not acceptable, i.e. the 
crystal is clearly twinned or does not diffract well enough or not at all, a new crystal 
has to be selected. Only a very persistent selection procedure for the best possible 
crystal will bring success. In his/her own work, the reader is encouraged not to give 
up with the first five crystals if they fail, but to test at least 15—20 crystals until a 
well-diffracting single crystal is found. Remember that even crystals which look 
bad when viewed under the microscope, can diffract very well and give excellent 
result and vice versa, samples that look very good might not diffract at all. If the 
batch of crystals available does not have any good single crystals, then of the whole 
batch has to be recrystallized or other solvents used. Working with a bad or faulty 
data set obtained from poor quality crystals will result in frustration and loss of 
time. It is much more advisable to start from the beginning and focus more on 
getting good crystals than to force unit cell determination and data collection on a 
bad crystal. The authors' laboratory has many examples where only a very persis- 
tent crystal selection procedure has produced acceptable results. With a poorly- 
diffracting crystal giving a bad data set, the overall skeleton of the structure might 
be resolved, but will not produce a structure which can be published. 

Even though modern area detector diffractometers are able to collect a data 
set without determining the unit cell, it is always advisable to determine the unit 
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Fig. 9.6. Well-resolved reflections on an area detector from a moderately diffracting crystal. 


cell first. The unit cell can be non-mathematically defined as the smallest virtual/ 
imaginary 3-D unit into which the atoms in the crystal can be placed so that, by 
multiplying, the whole macroscopic crystal will be defined. The unit cell can only 
have a certain shape (Fig. 9.7) defined by six variables: a, b, с, а, 8, у, which define а 
3-D entity called unit cell. The variables a, b and c express the length of the unit 
cell axes, normally in Angstrom units (1А = 10-19 m), or sometimes in picome- 
ters (1 pm = 10-1 m). Typical values for the unit cell axes for a medium sized 
structure (FW ~ 750) can vary between 5-35 А (longer axes sometimes occur). 
The three other variables, denoted by Greek letters х, В and у, (alpha, beta and 
gamma) define the angles (in degrees) between the unit cell axes: « is the angle 
between the b and c axes; £ is the angle between the a and c axes and y is the angle 
between the a and b axes. All six variables combined define the volume (normally 
denoted as V) of the unit cell. Due to the crystal symmetry (see Refs. [10]-[12]) 
only seven types of primitive unit cells (lattice points only at the edges of the unit 
cell) can exist (actually there are seven 3-D crystal lattices which are represented by 
the primitive unit cells). The unit cell can be visualized as a (nano-sized) box, i.e. a 
match box, whose dimensions are defined by the six above mentioned variables. 
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Figure 9.7 shows the seven primitive space lattices (unit cells). The variables a, b, c, 
a, В and у, are free, viz. they can have whatever value which define a 3-D object 
which can be multiplied to produce the macroscopic crystal. In all but the triclinic 
unit cell some variables are correlated (the axis) or restricted (the angles). Those 
unit cells which have no axis correlations are of lower symmetry (Fig. 9.7, left), tri- 
clinic being the least symmetrical. In higher symmetry space groups (Fig. 9.7, 
right) one or more correlations between the variable exist (see Table 9.1). The unit 
cells will differentiate from each other by the correlations of the six variables. Table 
9.1 gives the definitions for each variable of the seven unit cells. 

Only the seven primitive unit cell are described above. If the lattice points on the 
faces of the unit cell (named as A-, B- or C-centered unit cell) or in the center of the 
unit cell (body-centered, viz. I-centered unit cell) are taken into account, a total of 
14 so called Bravais lattices are obtained. The treatment of the Bravais lattices is 
out of the scope of this Chapter and the reader is encouraged to check Refs. [10]- 
[12] for further details. 

The actual unit cell determination will be made by fully automatic or semi- 
automatic protocols from the diffractometer manufacturers and these protocols 
will include measurement of a set of reflections (see Fig. 9.6), which are then pro- 
cessed with a computer program and a set of possible unit cells is shown on the 
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Fig. 9.7. Seven primitive unit cells. 


computer screen. In the case of good single crystal, the computer program can 
often output the correct unit cell. However, it has to be stressed that the data col- 
lection, viz. the intensity measurement from the crystal, can be started without 
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Tab. 9.1. Unit cell names and correlation of the variables. 





Name a b c (À) a B у (°) 
Triclinic az bz с х + В + у 
Monoclinic а = bz с 90 p 90 
Orthorhombic а + bz с 90 90 90 
Tetragonal a= ђе c 90 90 90 
Hexagonal a= b + c 90 90 120 
Trigonal a= b= c a a a (5 90) 
Cubic a= = c 90 90 90 





prior knowledge about the unit cell, but it is always advisable to do the unit cell 
determination since this will give some information about the unit cell contents 
(Wau) and will help to foresee possible difficulties in the later stage of the X-ray 
structural analysis. 

The size of the unit cell, viz. the volume, will tell something about the constitu- 
tion of the crystal. Before starting the data collection, exact knowledge about the 
Wau [13] of crystal to be measured is missing (although is can be estimated if the 
FW of the studied compound is know). However, knowing Wau provides an esti- 
mate about the possible difficulties during the structure solution. The unit cell de- 
termination will give the unit cell volume (V), which is needed while evaluating 
Wau. A simple equation (Eq. 9.2) holds [10-12]: 


dac =Z X Wau /0.6023 ху (9.2) 


with dea = the calculated density of the crystal (Mg m^?); V = unit cell volume 
(A3) and Z = number of equivalent positions in a given space group. 
Reorganizing (Eq. 9.2) we get: 


Wau = (0.6023 x деле х V)/Z (9.3) 


For lattice symmetry reasons Z must be an integer (symmetry fixed, see Refs. 
[10–12]) and can only have values 1, 2, 3, 4, 6, 8, 9, 12, 16, 24, 32, 48 and 96. The 
calculated density of the crystal, deac, can only be obtained if Z, Wau and V are 
known, but the density of the crystal can be measured (dm) by flotation technique, 
but just a plain intelligent guess (d,) ("light" organic й, = 1.0-1.25, metal com- 
plex dg = 1.3-1.6, inorganic complex 4; = 2—3) is enough. The following example 
will illustrate the estimation of Wau. Crystallizing C-ethylresorcinarene from pyri- 
dine (Fig. 9.8) produces very nicely diffracting crystals and the unit cell determina- 
tion yields a monoclinic unit cell (see above and Refs. [10]-[12]) with V = 4952 АЗ. 
The FW of C-ethylresorcinarene is 601 р тој“! and that of pyridine 79 р то". 
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Fig. 9.8. Molecular structure and formula weight (FW) of 
C-ethylresorcinarene (left) and pyridine (right). 


For a monoclinic unit cell the integer Z can have values of 1, 2, 4 or 8 (see Refs. 
[10]-[12]). So let's take d, — 1.2 (intelligent guess, light organic structure) and 
Z = 1, we get the estimate for Wau (EWau in Eq. 9.4). 


Ели = (0.6023 x dg x V)/1 = (0.6023 x 1.2 x 4952)/1 = 3579 (9.4) 


In the monoclinic unit cells Z — 1 is very rare, so let's recalculate the same with 
more common Z = 2 and Z = 4. We get Z = 2 which gives EWau = 1790 or Z = 4 
which gives EWau = 895. The Ела of 1790 fits reasonably well with asymmetric 
unit contents of three resorcinarenes or two resorcinarenes and 7 pyridines (sum 
of FWs = 1802 and 1755, respectively) and EW,, of 895 fits equally well with the 
sum of one resorcinarene and 4 pyridines (sum of FWs = 917). So obtaining here 
an estimate for the Wau tells us that either we have three resorcinarenes (without 
solvent pyridines), two resorcinarenes and 7 pyridines or alternatively one resorci- 
narene and 4 pyridines in the asymmetric unit depending on the space group. This 
is not so crucial at this point, since after data collection the space group (see next 
section and Refs. [1]-[3]) will be determined and Z will be fixed. In this example 
the space group is monoclinic Р21/с, Z = 4 and deac = 1.23 and in the crystal (viz. 
unit cell) the resorcinarene is solvated with 4 pyridines with Wau = 917 (ЕМ ли was 
895). 

To get a more practical view on the whole procedure, a real X-ray structural 
analysis of compound 1 (Fig. 9.9, an imine obtained from the reaction of salicylal- 
dehyde and p-chloroaniline) is presented here. Compound 1 is a small, purely or- 
ganic molecule with an elemental composition of Сіз H49CINO and FW of 231.67 
and forms very well-diffracting single crystals. 

The unit cell determination gives a unit cell with parameters a = 13.3674A, 
b = 5.7367 А, с = 14.4758 A, а = 90°, В = 105.485? у = 90° and V = 1069.78 АЗ. 
Thus, compound 1 crystallizes in a monoclinic crystal system (unit cell), we can 
now estimate W,, with various Z values and the diffraction power by calculating 
dp. Since the compound 1 contains one heavier element (chlorine), let’s make an 
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Fig. 9.9. The proposed molecular structure of compound 1. 


intelligent guess that the density d = 1.25, now we can calculate EWay (Z = 1) 
from (Eq. 9.4): 


Ели = (0.6023 x dg x V)/1 = (0.6023 x 1.25 x 1069.78)/1 = 805.41 (9.5) 


In the monoclinic unit cells 2 = 1 is very rare, so let's recalculate the same 
with more common Z = 2 and Z = 4. We get Z = 2 which gives EW, = 402.71 
or Z = 4 which gives ЕЎ, = 201.35. Since the FW of compound 1 is 231.67 we 
can, within acceptable error in the density, assume that the correct Z = 4 (this in- 
formation can used during determination of space group, next section). The esti- 
mated diffraction power is dp = 231.67/25 = 9.27, so we have a typical organic 
structure to be solved and analyzed. If the true diffraction quality of the crystal is 
good, we might get a relatively good data set (reflections) and would not have diffi- 
culties in the structure solution phase. 


9.2.2.4 Data Collection, Data Processing and Final Space Group Determination 

The data collection, as mentioned in the previous section, is a fully automatic pro- 
cess after mounting and centering of the crystal and unit cell determination. The 
X-rays will reflect from the crystal producing a reflection image with tens or hun- 
dreds of reflections in it (as in Fig. 9.6) when recorded with the area detector (older 
detectors could measure only one reflection at the time and the data collection 
times were much longer). The complex mathematics of the diffraction phenome- 
non and data processing will not be discussed in detail here; an exact treatise will 
be found in the text books [10—12]. However, some basic facts about the diffraction 
from the crystal on a very descriptive level will be discussed before we can proceed 
to data collection, processing and space group determination. 

As defined in the previous section, the unit cell is the smallest unit containing 
the atoms of the structure, unit cell has a definite shape and the orientation and 
lengths of the axes and defined relative to the coordinate origin, marked O in Fig. 
9.7. The whole unit cell can be divided into imaginary planes with which the atoms 
in the unit cell coincide. The X-ray beam diffracts from the electrons of the atoms 
in the unit cell, thus the atoms on a particular imaginary plane diffract the X-ray 
beam from that particular plane. The intensity of the reflection from such a plane 
is directly proportional to the amount and type (how many electrons) of the atoms 
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in that plane. If no atoms coincide with such a plane, there is no reflection from 
that plane. These reflection planes are simply obtained by dividing the unit axes 
with an integer, in 3-D such a plane is thus defined by three integers written as h 
k land are called Miller indices. Miller indices can have all values from —h to h, —k 
to Капа —! to l, but due to lattice symmetry reasons the negative Miller indices will 
coincide with their corresponding positive indices in higher symmetry lattices (e.g. 
in orthorhombic lattices h k | = —h —k —1, more details in Refs. [10-12]). The in- 
терет h, К and l indicate how many equally spaced planes are formed after the in- 
tersection of each of the unit cell axes, viz. 


hk; where h = (a//x) !, k = (b'/y) апа 1 — (c'/z) | 


where a’, b' and c' are the unit cell axis normalized to unity (viz. a’, b' and c' = 1) 
and x, y and z = 0, +1, +2, +3,... +n. The integer 0 in index h, k, or | means that 
no intersection with the respected unit cell axis occurs, extreme case being reflec- 
tion plane 000 which is a point, viz. the origin. The integer 1 means that the plane 
runs parallel to the corresponding unit cell axis (—1 that the plane run to the oppo- 
site direction). These planes are truly imaginary and can be derived for any unit 
cell. An example will clarify the principle, imagine that the a-axis is intersected 
three (3) times, the b-axis is intersected two (2) times and the c-axis is intersected 
three (3) times, this reflection plane would then be called 3 2 3 (three, two, three). 
A reflection plane —1 0 0 (minus one, zero, zero) refers to a plane which runs 
along the a-axis and do not intersect with either b- or c-axis. Consider an ortho- 
rhombic unit cell (Fig. 9.7) with а = 10, b= 15 and с = 20А (a, В and у = 90°). 
We can now count how many theoretical reflections we should have from such a 
unit cell, viz. count all possible Miller indices (reflection planes, remember here 
h k l= —h —k —l holds, so we do not have to collect reflections with negative 
Miller indices), so that the spacing of the planes is 1A or more. Resolution can be 
expressed as: 





r=a/h,b/k,c/l, here т 2 1 which gives h = 10/1, k = 15/1 and 1 = 20/1 (9.6) 


thus the maximum Miller index with 1À spacing (r — 1) is 10 15 20, so the 
first Miller indices are 0 0 1 and the last 10 15 20. Multiplying we get 
10 x 15 x 20 — 3000 possible reflection planes. Be aware that this is the maximum 
number of reflections to be measured for this orthorhombic unit cell, in practice 
there is always less than the maximum number of observed reflections. During 
data collection, all possible reflections must be measured, the reflection might be 
very weak or non-existing, but those also have to be measured. This imposes a 
great technological demand for the data collection procedure. All the reflection 
planes have to be placed into a reflecting position by rotating the crystal along all 
unit cell axes and simultaneously placing the detector into a correct position. This 
is done with a help of fully automated mechanical robot (the goniometer, Figs. 9.1 
and 9.5), which is able to rotate the crystal in all positions coupled with an area de- 
tector capable of recording tens or hundreds of reflections on a single exposure of 
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an X-ray beam. The data collection can last, depending on the total amount of the 
reflections and on the exposure time needed to record the reflection image, from 
few hours to some tens of hours. 

The data collection produces a set of reflection images with several hundreds or 
thousands of reflection spots. These reflection spots (Fig. 9.6) have to be converted 
into a format suitable for computer programs for space group determination and 
structure solution. This stage is called the data processing and is done with a help 
of sophisticated computer programs, which convert the reflection spots into inten- 
sity values with specific Miller indices, also the error or estimated standard devia- 
tion (e.s.d.) of the intensity value (in practical work called the sigma of the in- 
tensity) is provided in the computer output. The Miller indices will contain the 
spatial information about the atoms in that particular reflection plane, the inten- 
sities of the reflections tell how much these atoms diffract, sigma is the statistical 
error of the intensity value. The data collection and subsequent processing will 
therefore give all information that can be obtained from the experiment. Unfortu- 
nately, one very important variable in the calculated structure factor (Е.с), the so- 
called phase of the reflection, needed for the calculation of the electron density 
map of the unit cell, cannot be experimentally obtained and has to be derived by 
other means (more about this in the next section). A typical reflection listing from 
a unit cell is given in Table 9.2. These intensity data with their e.s.d values together 
with Miller indices and the unit cell parameters, a, b, c, х, В and у, constitute so- 
called raw intensity data which will be used for space group determination. 

After getting good raw intensity data, the most important step will be space 
group determination. The space group is a mathematically derived set of symmetry 
operations within given crystal lattice (unit cell). There are altogether 230 space 
groups; fortunately most of them do not appear at all or are very rare in exper- 
imental crystallography. The symmetry operations in a given space group define 
the asymmetric unit of the unit cell, i.e. asymmetric unit is the part of the unit 
cell which, when treated with all symmetry operations in the given space group, 
will produce the whole content of the unit cell. In more simple words, the unit cell 
can be divided into symmetry related sections and when the symmetry operations 
between the sections are known (mathematically fixed in the given space group) 
we only have to define the contents of that section, viz. the asymmetric unit of the 
unit cell. This is a major advantage, since even for a very large unit cells we have to 
determine only a small fraction of it (in higher symmetry space groups). Earlier, we 
have defined the weight of the asymmetric unit, Wa, [13], this actually means the 
atoms we have to locate and define within the asymmetric unit of the unit cell. 

The crystal lattice (unit cell) itself or - more importantly – in combination with 
the symmetry operations of a given space group can cause a disappearance of some 
reflections. This is especially pronounced in the high symmetry unit cells due to 
symmetry reasons. These missing reflections are called systematic extinctions or 
sometimes systematic absences. This is manifested in the intensity data by a sys- 
tematic absence of certain reflections. When looking at the reflection listing exam- 
ple (Table 9.2), it can be seen that every second reflection is very strong and every 
second is practically zero (intensity almost equal to its о). These zero reflections, 
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Tab.9.2. Miller indices, intensity and its sigma for compound 1. 








Miller indices Intensity Sigma 

(h) (k) (/) 
0 0 2 75.20 3.20 
0 0 —3 2.20 0.90 
0 0 3 2.50 0.80 
0 0 —4 1666.00 58.50 
0 0 4 1655.00 60.30 
0 0 —5 —0.10 0.80 
0 0 5 0.90 0.80 
0 0 —6 1896.80 65.60 
0 0 6 1897.40 71.70 
0 0 —7 2.80 1.50 
0 0 7 —0.60 1.20 
0 0 —8 122.30 5.20 
0 0 8 112.30 5.10 
0 0 –9 — 0.60 1.20 
0 0 9 —2.10 1.60 
0 0 —10 174.00 7.30 
0 0 10 183.70 8.60 

etc. 

15 2 —4 14.00 3.30 

15 2 —3 —1.50 2.00 

15 2 —2 55.80 5.10 
0 0 0 0.00 0.00 





if systematically observed with certain Miller indices, are those systematic extinc- 
tions. Thus, by carefully analyzing the intensity data for systematic extinctions, 
the space group of that unit cell can be determined. Unfortunately, in some cases 
the systematic extinctions of different space groups are the same or there are no 
systematic extinctions. In these cases the space group cannot be unambiguously 
determined. Fortunately, modern computer programs provided by the diffractome- 
ter manufacturers, or obtained from other sources, will do the intensity data analy- 
sis and list out the systematic extinctions suggesting a suitable space group or a 
few that will fit best to the systematic extinctions. 

In lower symmetry space groups, the choice of the space group is easier than 
in higher symmetry cases, due to a smaller number of possible symmetry opera- 
tions. The triclinic unit cell has no systematic extinctions, but there are only 
two possible space groups. The first (denoted as P1, no. 1) does not have any sym- 
metry operations, viz. the unit cell is at the same time the asymmetric unit (sym- 
metry operation x, y, z), the second unit cell has a center of symmetry as the 
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symmetry operation, leading to two symmetry related parts of the unit cell, (x, y, z) 
and (—x, —y, —z). This triclinic space group is denoted as P—1 (minus sign marks 
the presence of center of symmetry) and its asymmetric unit is half of the unit cell. 
Space group P—1 does not have symmetry operation which would produce the 
mirror image of the original object, thus P—1 is an acentric, chiral space group. If 
an optically pure compound crystallizes in a triclinic space group, it can do it only 
in P—1. The same applies also in the higher symmetry space groups, but more 
choices are available. The most common space group for monoclinic unit cells 
(Fig. 9.7) is denoted as P24/c with two systematic extinctions. The first being ОКО, 
k — 2n 4- 1 (this means that all reflections with Miller indices where k is odd are 
systematically extinct, viz. 0 1 0, 03 0, 0 5 0, 0 7 0, etc.). The second is with Miller 
indices h0l, 1= 29 +1, viz. 00 1,003,...,101,103,...,201, 20 3,.... 
etc. are extinct. In monoclinic unit cells, these two simultaneous extinctions 
uniquely define the space group as P2;/c. All space groups, their systematic extinc- 
tions and symmetry operations are tabulated in the Tables for X-ray Crystallogra- 
phy, Vol C [18]. 

The data collection at 173 K for compound 1 produces a reflection list (so called 
"data set", Table 9.2) with 6040 reflections, however only 1882 of these are indepen- 
dent reflections (routinely, many reflections are measured more than once during 
the data collection due to crystal lattice symmetry, viz. reflection 0 0 2 is the same 
as 0 0 —2, see Table 9.2). From the systematic extinctions of this monoclinic data 
set for compound 1, the computer program finds out two systematic extinctions, 
namely #01, | = 2n + 1 and око, k = 2n + 1. As the crystal system is monoclinic, 
these two systematic extinctions define unambiguously that the space group for 
compound 1 is Р21/с and that Z = 4. This information is then used in the struc- 
ture solution phase. 


9.2.2.5 Data Reduction, Structure Solution and Refinement 

After the space group has been determined and selected from the raw intensity 
data obtained in the previous section, the next step before structure solution and 
refinement is the so-called data reduction. In this stage, the measured intensities 
are converted, again by automatic computer programs, to so-called observed struc- 
ture factors. A structure factor is a very complex mathematical entity which in- 
cludes data from all atoms, their scattering (diffraction) power, 3-D coordinates, 
thermal movement, phase of the reflection etc. The detailed description of struc- 
ture factors is outside of the scope of this text: the reader is strongly encouraged 
to consult the text books [10-12]. The integrated intensities, Im, (from the reflec- 
tion list, Table 9.2) of a particular reflection (e.g. 1 1 2) from the data collection 
are proportional to the square of the amplitude of the structure factor (F) of that 
reflection, when all corrections for the diffraction phenomenon have been taken 
into account. These corrections are Lorenz, polarization (these two are normally 
merged as Lp correction), absorption and radiation damage being the most impor- 
tant ones. In reality, only the Lp correction can be calculated, both absorption cor- 
rection and radiation decay have to be empirically measured. For this reason, the 
following relation (Eq. 9.7) is normally presented. 


9.2 Crystallography 


Im oc F? (9.7) 


After Lp, absorption and radiation damage decay corrections to the integrated in- 
tensities the observed structure factors (Есь;) are obtained. Each measured reflec- 
tion thus will have the corresponding Ер. In other words, Ро; is the square root 
of the measured intensity of a given reflection corrected for effects that come from 
the properties of the crystal itself. 

In a case where the absorption of X-rays is very small and the crystal does 
not decompose (the decomposition can be monitored by measuring the intensity 
of so called "standard" reflection many times during the data collection, however 
modern area detector equipped diffractometers are so fast that virtually no X-ray 
radiation decay is normally observed), the data reduction is just a fast computer 
calculation of the Lp correction to the measured intensities and Ру; are obtained. 
Improperly done data reduction or exclusion of the effects of absorption or decay 
can render the structure solution impossible, so care must be taken in order to do 
proper data reduction. 

The unit cell determination, data collection and data reduction contain all the 
information which can be obtained from experiments and mathematical correc- 
tions. The only, and thus the most important, data present in the structure factor 
that cannot be obtained experimentally is the phase of the reflection. This imposes 
the so-called “Phase Problem’, since without phase, the other components of the 
structure factor cannot be calculated. On the contrary, if we know the phase of the 
reflection, we can calculate the 3-D coordinates of the atoms contributing to the 
corresponding structure factor. 

In the structure solution step, (see details in Refs. [10]-[12]) some method to ob- 
tain or estimate the phases has to be used. Nowadays, this is done using very so- 
phisticated (semi)automatic computer programs which use very complex mathe- 
matics and statistics to "guess" and evaluate the phases by computing a very large 
number of possible sets of phases. Since the data collection can produce thousands 
of reflections, the computer program has to calculate and evaluate tens of thou- 
sands of phases and test statistically their suitability as a correct phase set (again 
see Refs. [10]-[12]). If the computer program is able to calculate such a proper ab 
initio phase set, then this set of phases together with the atom types present can be 
used to calculate an approximate 3-D electron density map of the asymmetric unit 
(by summing up all structure factors). 

Modern structure solution programs (the most used being SHELXS/SHELXD 
[19], SIR97 [20] and SIR2000 [21], others exist, too) need as input only the Wau, 
in a form of reasonable chemical composition, and the scaled structure factors 
(= Fops, actually programs use Р? ,ь;). The success of the structure solution, viz. is 
the program able to find proper phases, depends mainly on two factors, the quality 
of the data collected (which in turn depends on the quality of the crystal), viz. how 
much of the data is observed over a certain threshold value. The routinely used cri- 
terion for an observed reflection is I > 201, i.e. the measured intensity value is 
more than two times bigger than its sigma). Generally speaking, it can be said that 
the higher the percentage of the observed reflections, the better the data is (severe 
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Fig. 9.10. The calculated electron density map for compound 1. 


systematic errors or improper data reduction of the data can overrule this). For 
compound 1 1686 reflections out of 1882 (89.6%) are larger than 2c, so the data 
set is excellent. The more reflections are observed above the 2c intensity level, it is 
more likely that the structure solution programs can produce a feasible model for 
the experimental electron density. Figure 9.10 shows the calculated electron density 
map for compound 1. 

From the well-resolved electron density map, the structural analyst has then to 
assign the atom types and the 3-D coordinates for the best structure solution 
(= the phase set, which with given atom types fits best with observed structural 
factors, viz. the measured reflection data). The assignment is based on the relative 
height of the peaks in the electron density map coupled with the proposed chemi- 
cal structure diagram of the studied structure. For compound 1, the structural 
scheme presented in Fig. 9.9 is used. It turns out that all heavier atoms can be lo- 
cated from the electron density map and assigned unambiguously (Fig. 9.11). 

Frequently, with smaller and well-diffracting structures (Wau < 700 and 
dp > 10), all atoms of the structure can be written out as the initial model by the 
program and they just have to be named correctly (as in Fig. 9.11) and refined. The 
refinement process (see Refs. [10]-[12]) uses incremental movement of the atom 
coordinates and atomic displacement parameters (commonly called as "thermal 
parameters") of the structure solution model using the so-called least-squares 
method. The model (the calculated structure factors) is fitted against the measured 
data (the observed structure factors) and the R-factor (see above, Section 9.2.1) is 
calculated. With larger structures or if the unit cell contains light atom solvent 
molecules (C, H, O, N atoms only), some atoms, sometimes even 5096 of all atoms, 
cannot be located from the first very crude electron density map (calculated from 
the ab initio phase set). However, those atoms which are chemically feasible (based 
on the proposed molecular structure) can be fed into the calculation of the calcu- 
lated structure factors Рак (Рак will approach Foy, when a more accurate model is 
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Fig. 9.11. Assigned of atoms from the electron density map for compound 1. 


used). The Fax are then used for the computation of the “calculated electron den- 
sity map". This calculated electron density map (from Ре) is then extracted from 
the “observed electron density map" (from Ер). The map obtained is called differ- 
ence electron density map and the missing atoms can be located from it. This pro- 
cess is called difference Fourier analysis (DFA) and after finding some missing 
atoms, all the parameters of the old and the new atoms are subjected to new refine- 
ment cycle. This cycle, refinement – DFA - refinement – DFA ..., is repeated until 
all atoms of the structure are located and until the difference electron density does 
not show апу more peaks (non-H atom cut-off level is ca. 1.0 eA~3) and the atomic 
parameters no longer shift during the refinement (convergence « 0.05). When all 
atoms of the structure, i.e. the atoms in the molecule(s)/ions and the atoms of the 
solvents molecules are located and refined to the end, we can proceed to the analy- 
sis of the structure. This stage however, might not be so easy to achieve as prob- 
lems are often encountered in large supramolecular systems. 

All the above procedures and calculations apply to structures with good quality 
and well-behaved data. Unfortunately, this is not true in most cases for supramo- 
lecular structures because crystal quality is often poor. Large supramolecules do 
not form well-ordered crystal lattices (periodicity! the dp values are low («10), 
the Way are large (71000) and the crystal lattice normally contains a substantial 
amount of (different) solvent molecules, which are quite often severely disordered, 
further decreasing the crystal quality. 

When the reader has ensured that the best possible data set from the supramo- 
lecular system under study has been obtained, it is feasible to proceed to the struc- 
ture solution phase. The reader is reminded that with higher Wau structures the 
structure solution programs will have increasing difficulties in producing a good 
model for the structure. Here, the same principle applies as with crystals: do not 
give up if the first try with the default parameters of the structure solution pro- 
gram do not produce a reasonable result. The programs have many other sets of 
parameters which will affect the structure solution procedure. A rule of thumb as 
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to what set of parameters will actually produce success with particular supramolec- 
ular system cannot be given, as each crystal structure determination is unique and 
it might be that various settings and even different structure solution programs 
have to be tried, in order to get a proper structure solution. After unsuccessfully 
trying the best with varying sets of parameters, the reader should consider that ei- 
ther the space group or crystal system is incorrect (check carefully the data for sys- 
tematic extinctions and redetermine the crystal system/unit cell, and the space 
group). Sometimes, a change to lower symmetry might help to solve the structure 
(e.g. going from monoclinic to triclinic). This however will double, triple or qua- 
druple the Wau, thus making structure solution more difficult (if Wau grows very 
large, this "simplification" will make structure solution impossible). 

If the space group and the crystal system are correct and no alternative can be 
found, the reader must accept the fact that the quality of the data is not good 
enough for structure solution and return to the recrystallization phase again. 

Even if structure solution giving most of atoms was successful, the task of com- 
pleting the structure is not yet over. Supramolecular structures almost by definition 
contain included guest or solvent molecules either inside the cavity of a host com- 
pound or in the crystal lattice. This is, as such, not a problem, but quite often these 
solvent molecules are crystallographically disordered. This means that the electron 
density resulting from the guest or the solvent molecule cannot be clearly deter- 
mined and in severe cases the guest or solvent cannot be located at all (although 
e.g. NMR or MS shows it to be there!). This unwanted disorder is most prominent, 
when the guest or solvent molecule has very weak or non-existing interactions with 
the host, e.g. inside molecular capsules and carcerands. Also if the host compound 
contains long aliphatic chains, these can quite often be seriously disordered and it 
can be particularly difficult to solve and refine the structure to an acceptable level. 
However, very careful control of the crystal growing process and/or change of 
the recrystallization solvent(s) can reduce the disorder and thus improve the qual- 
ity of the crystal. One example of such is a work from authors' laboratory where 
a very large (FW = 7106.50) cavitand cage compound, [(C26gH320NgO16PsPts) @ 
CF3S03]7*-7 СЕз5Оз -12.5 СН was studied [22]. The first data collections pro- 
duced a result where the core of the cage was clearly determined but all together 
88 carbon atoms from the eight Су H5; alkyl chains could not be located at all. АЁ 
ter 6 months work of repeated recrystallizations and after 20 data collections from 
20 different crystals, an acceptable data set was obtained which finally produced a 
structure solution and location of all non-hydrogen atoms; however the C1; H5; al- 
kyl chains showed very large thermal movement. 

When all the atoms of the target structure have been found and refined so that 
no movement/variation of any structural parameter occurs, the refinement pro- 
grams will output a file which can be used for the analysis of the structure and 
deposition to databases, like Cambridge Crystallographic Data Centre. This file is 
called Crystallographic Information File, i.e. CIF file, and it has a specific and regu- 
lated format. 

The crystallographic, chemical graphics or some molecular modeling programs 
can read CIF files. However, many crystallographic programs can also output Bro- 
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kehaven Protein Data Bank file, viz. PDB file, which is a routine input file to the 
majority of chemical visualization and graphics programs. An example of the CIF 
file format for compound 1 is presented below (Table 9.3). 


9.22.6 Analysis of Structure 

After successful structure solution and refinement, the final and very important 
phase completes the structural analysis. This is the detailed inspection of the struc- 
ture looking for the intramolecular and intermolecular structural features of the 
system studied. Traditionally a plot of the molecule or a representative part of the 
structure (in a case continuous structures, like metallo-organic or organic frame- 
works, MOF or OF, respectively) with thermal ellipsoids (viz. anisotropic displace- 
ment parameters) is presented. Such a plot drawn using program ORTEP [23] for 
compound 1 is presented in Fig. 9.12 (top). 

To show the total size of the molecule and to illustrate intramolecular interac- 
tions such as hydrogen bonds, a plot is best used where atoms are drawn with their 
van der Waals radii (CPK model, Fig. 9.12, bottom). 

Compound 1 has two intramolecular features which are revealed by X-ray struc- 
tural analysis. Firstly the compound 1 can exist in two different tautomeric forms, 
namely enol form and keto form. The equilibrium between these different forms is 
influenced both by the chemical composition of the compound and the environ- 
ment (polarity of the solution or crystal lattice). Figure 9.13 shows the structures 
of the enol and keto tautomers of compound 1. The X-ray structure of compound 
1 (Fig. 9.12) unambiguously shows that the hydrogen atom is at the phenolic OH 
and the intramolecular hydrogen bond is O(1)-H(1) --- N(1), the O---N distance 
being 2.618(2) A and the О-Н... N angle 149(2)° viz. compound 1 exists in solid 
state as an enol tautomer (Fig. 9.13). Generally the location of the hydrogen atom 
by X-rays can be ambiguous because hydrogen has only one electron. However 
small light atom organic compound with very good diffraction quality (like 1) will 
make it possible to locate (and even refine) hydrogen atoms using difference Four- 
ier analysis, i.e. the electron density map will reveal the position of the hydrogen(s). 
In addition careful inspection of the bond distances on the structural moiety will 
give further evidence about the position of the hydrogen atom(s). (It is easy to dif- 
ferentiate the phenolic O-atom from the carbonyl O-atom, C—O bond distance is 
1.35 A when the С=О is ca. 1.25 A). The other intramolecular aspect is the planarity 
of the compound, since 1 is fully conjugated, it should be planar. Based on the 3-D 
coordinates, the planarity of 1 can easily be calculated and it turns out that the 
compound is perfectly flat with deviation from planarity being very small, 
0.0586(13) A below [С(7)] and 0.0723(17) А [C(10)] above the least-squares plane, 
calculated for all non-H atoms. 

Compound 1 shows many intermolecular interactions. Firstly, the packing plot 
(but also the 3-D atom coordinate list) reveals that no solvent molecules are in- 
cluded in the crystal lattice. The crystallization was done from ethanol, but ethanol 
molecules are not included into the crystal lattice. The packing plot (Fig. 9.14) 
shows that an intermolecular interaction between the moleclues, i.e. n-z stacking, 
creates an antiparallel pair of 1 with short non-bonded contact distance of 3.30 À 
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Tab.9.3. First lines of the CIF file for compound 1. 





data. Compound 1 

—audit creation. method SHELXL-97 
—chemical name systematic 

? 


2 


—chemical name common ? 
—chemical melting point ? 
—chemical formula. moiety ? 


—chemical formula. sum 

‘C13 H10 C1 N O' 

—chemical formula. weight 231.67 
loop.. 

—atom. type symbol 
—atom. type. description 

—atom. type. scat. dispersion. real 
—atom. type scat dispersion imag 
—atom. type. scat source 

‘С ‘С’ 0.0033 0.0016 


‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’ 


'H' 'H' 0.0000 0.0000 


‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’ 


“СТ ‘СР 0.1484 0.1585 


‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’ 


‘N’ ‘N?’ 0.0061 0.0033 


‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’ 


‘О’ ‘О’ 0.0106 0.0060 











‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’ 


—symmetry. cell setting Monoclinic 
—symmetry. space group name H-M P 21/c 
loop.. 

symmetry. equiv. pos. as. Xyz 





‘x, yz 
х,у+1/2,—2+1/2/ 

‘x, р —2” 

‘x, –у — 1/2, z — 1/2 

cell length. a 13.3674(2) 
cell length. b 5.73670(10) 
—cell length c 14.4758(3) 
—cell angle alpha 90.00 

—cell angle. beta 105.4850(10) 
—cell angle gamma 90.00 

—cell. volume 1069.78(3) 
—cell. formula. units Z 4 

cell. measurement temperature 173(2) 
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Fig. 9.12. A plot of the X-ray structure of compound 1 with thermal 
ellipsoids at 5096 propability level (top) and with VDW radii (below). 


[C(4) to C(8)], sum of VDW radii of two benzene rings is 3.6 À. These pairs are 
then sideways connected to the adjacent pairs by С-Н... л (edge-to-face) interac- 
tions to the adjacent molecules [from H(6) to C(11) and C(12), 2.836 and 2.888 À, 
respectively and vice versa] and С-Н... О hydrogen bonds [H(3)--- O(1), 2.705 A]. 


H H 
H О H О. 
H H H 
Y 
N H 
H > H uM 
H H H H 
H СІ H 1 
Enol form H Keto form H 


Fig. 9.13. The structures of the enol and the keto tautomers of compound 1. 
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Fig. 9.14. The packing of compound 1, ball-and-stick (top) and VDW radii (below). 


The third dimension of the crystal is build up from a С-Н... Cl interaction of 
2.942 À [CI(1) to H(2) and vice versa]. 

Generally in X-ray crystallographic work, the table of crystal data (— unit cell, 
space group, experimental parameters), fractional coordinates [fractional coordi- 
nates refer to the atomic position as fractions of the corresponding unity defined 
unit cell axis, e.g. x = 0.25, y = 0.25, 2 = 0.25 means that the atom is located 1 of 
the length of each unit cell axis starting from the origin (x = 0, y 2 0,z = 0), in 
order to calculate absolute coordinates each fractional coordinate has to be multi- 
plied by the corresponding unit cell length], bond lengths and distances, the 
numeric values of anisotropic displacement parameters and intermolecular dis- 
tances shorter than the sum of van der Waals radii are typically prepared, but not 
nowadays anymore included into a publication. The above mentioned data are 
commonly submitted to the Cambridge Crystallographic Data Centre during the 
submission to journal as the CIF file. From these data and by inspecting the struc- 
ture by means of crystallographic graphics programs, many important features 
about the structure can be extracted (see above for compound 1), typically in supra- 
molecular structures these are H-bond distances (because it is difficult to deter- 
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mine the positions of hydrogen atoms, this is usually given as the heteroatom- 
heteroatom distances), п... z-, С-Н...л-, and cation-z interactions. Sometimes, 
a packing plot of the structure is presented, but not so frequently encountered in 
modern chemical literature, more frequently they appear in crystal engineering 
journals. 

The easiest way to inspect the structure (in addition to the tables mentioned 
above) utilizes graphical representations of the structure on a computer screen. 
Some very nice and easy to use crystallographic graphics programs are available 
in the Internet. One such a program is Mercury, provided by Cambridge Crystal- 
lographic Data Centre (http://www.ccdc.cam.ac.uk/products/csd. system/mercury/ 
downloads/). 

The solid state X-ray structure will also give information about the configura- 
tional, stereochemical or tautomeric information about the studied structure. In 
the case of optically pure compounds, the absolute configuration of an unknown 
compound can be obtained, if the molecule studied contains at least one heavier 
element (like Cl, S, or metal ion) per 20 carbon atoms. If compound 1 would be 
optically active, the chlorine atom would enable the determination of the absolute 
configuration. 


9.3 
Crystal Engineering 


9.3.1 
Introduction 


The aim of this section, like the previous one, is not to give a complete treatise or 
even overview of crystal engineering. The very versatile nature and variety of chem- 
ical systems and interactions, which can be considered to form the basis of crystal 
engineering, mean that it is impossible to cover all these aspects with this section. 
The current text offers a very rough outline of the basic principles of crystal engi- 
neering, viz. what do we mean when we speak about crystal engineering? Section 
9.2.2.1 described the crystal and properties required for the X-ray diffraction phe- 
nomenon to occur. As underlined in Section 9.2.2.1, X-rays will not diffract from 
a crystal unless it is an entity with specific features, i.e. periodicity of the compo- 
nents (molecules or ions) which constitute the crystal lattice and thus the complete 
macroscopic crystal, so X-ray diffraction analysis cannot be performed on an amor- 
phous material (neither by single crystal X-ray diffraction analysis, as described ear- 
lier in this text, nor by a powder diffraction method, which is not covered in this 
text). 


9.3.2 
Definition 


The spontaneously or “engineering”-induced organization of the components into 
a crystal is crucial for the structural features and physical/chemical properties of 
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the crystal. Therefore, it is of utmost importance that the components that are in- 
tended to form the crystal must show some, even very weak, attractive interactions 
under the condition where the organization happens. Due to the subtle and often 
very weak interactions of the components, the formation of a crystal lattice is a very 
complex self-assembly phenomenon including many, some even mystical, simulta- 
neously acting processes (thermal motion, kinetics, diffusion, adsorption, absorp- 
tion, viscosity, etc.) or their combinations. Therefore, crystallization or the ability 
to grow single crystals has been and still is considered as an "art", impossible to 
describe using accurate scientific terms. This is mainly due to the fact that even 
though most of the conditions leading to crystal growth can be controlled and 
monitored, the formation of a good single crystal(s) still remains unpredictable 
and unexplainable. Quite often the surprised person, after a successful recrystalli- 
zation experiment, cannot really explain what was different in the successful event 
when compared with previous unsuccessful events. As the process is so subtle, 
chances for a failure are much more evident than those for success. After tens of 
frustrating crystallization experiments the success might be interpreted as an "Act 
of God", especially in those cases where exactly same conditions (i.e. those which 
have or can be controlled) on first trial result in microcrystalline or amorphous 
powder, but the successful trial does give beautiful single crystals. 

As all intermolecular interactions, except covalent bond formation (a very special 
case of crystal engineering), are by nature supramolecular and the crystal itself can 
be considered as "supermolecule par excellence" [5, 6], Crystal Engineering can be 
defined as “а set of designed processes which aim to a formation of a crystalline material 
utilizing the supramolecular interactions and self-assembly of the components", in a very 
short form “making crystal by design’ [24]. The above definition does not include 
nor require any specific interactions, physical or chemical conditions, crystalliza- 
tion techniques, additives or serendipity [25]. 

In crystal engineering research, this denotes that all means and methods possi- 
ble can and should be used in order to produce a suitable crystalline material. Of 
course, it must be emphasized that the means and methods to be used should not 
be too drastic, e.g. that the components and the supramolecular interactions be- 
tween them have to survive during the crystallization experiments and must be 
able to self-assemble. If the system studied in the solid state (crystal engineering 
is by virtue only possible in the solid state) is formed by hydrogen bonding, great 
care has to be taken NOT to break the hydrogen bonding system by the use of 
heavily competing solvents (like H20, DMSO, DMF) or not to try to grow crystals 
from highly acidic conditions for an acid labile compound/system. Figure 9.15 
illustrates the general principle of crystal engineering: that is the components 
are designed to self-assemble into crystal lattice by intermolecular supramolecu- 
lar interactions. Chemically, the component(s) can vary over the whole range of 
chemical functionalities, from metal ions and anions via organic molecules and 
oligomers to biomolecules. 

The properties of the components will define the methods and conditions to 
be used, but in all cases, the only target is to guide the components into a self- 
assembly process which leads to periodical 3-D lattice of the components. Many 
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Fig. 9.15. The formation of macroscopic crystal from components and 
intermolecular interactions. 


aspects how the design of crystallization processes will be adopted depends of the 
system studied. The reader is urged to check some very good web sites [15] for ba- 
sic principles of crystal growing methods. 

To define and to aid the utilization of the supramolecular interactions and to de- 
sign them in crystal engineering, Desiraju presented [26] a concept of supramolec- 
ular synthons, mainly developed for hydrogen bonds which maybe are the most 
widely exploited of the supramolecluar interactions in the crystal engineering 
genre. More recently, the palette of intermolecular interactions in crystal engineer- 
ing has been extended to virtually all attractive intermolecular forces such as cova- 
lent bonds between atoms (not supramolecular interaction), coordination bonds 
between metal centers and ligands, Coulombic attractions and repulsions between 
ions, strong hydrogen bonds, weak hydrogen bonds, CH—z-interactions, cation—- 
interactions, л-л-іпіегасіопѕ, halogen-halogen interactions, halogen-oxygen 
interaction, halogen-nitrogen interaction, C-H-fluorine interactions and van der 
Waals and all possible combinations of these interactions [26]. 

The above mentioned interactions extend over a very wide energy range: from the 
very high energy covalent bonds via the intermediate coordinative bond through 
hydrogen bonds to very weak van der Waals interactions (dispersion forces). The 
difference in the interaction types and strengths allows the differentiation of the 
target materials for their designed self-assembly (viz. synthesis) from the compo- 
nents to macroscopic superstructure (i.e. crystal). 

The design of the processes needed in crystal engineering can be divided into two 
phases. In the first phase, the component (Fig. 9.15) has to be either selected from 
the pool of available compounds, prepared by somebody else or from commercial 
sources, or it has to be synthesized via normal synthesis chemistry methods. Prior 
to the synthesis, a very careful analysis of the desired (and possible) supramolecu- 
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lar features of the component has to be conducted. When the component is ready 
then the second, nearly always the more difficult, phase can be started. This is the 
crystal growing /recrystallization phase where either with or without solvents (green 
chemistry), via supramolecular synthesis, self-assembly of the components is initi- 
ated. In the simplest case, this might be the crystallization of one component from 
suitable solvent (like compound 1 from EtOH). This process might involve slow 
evaporation of the solvent, slow cooling of the heated solvent, or slow cooling of 
the saturated room temperature solution in a refrigerator. The success of this sim- 
ple process depends on the intermolecular interactions between the components 
(crystallizes without solvent) or between the component and the solvent molecules 
(crystallizes as a solvate, component with solvent molecules). 

The fact that each component (molecule or ion) will behave differently, will not 
allow a presentation of “а general procedure" or “а rule of thumb". The reader is 
encouraged to study the solubility of the component(s) and then just try to grow 
crystals from suitable solvent (for volatile components sublimation might produce 
good quality crystals). When binary or ternary systems with solvent mixtures are 
being processed, the only way is just to use enough time to learn how the compo- 
nent system behaves with various solvent systems and physical conditions. 

This latter phase requires the characterization of a solid, hopefully, single crystal- 
line product(s) with X-ray diffraction analysis, but in many cases not good enough 
quality single crystals can be obtained, instead microcrystalline or amorphous pow- 
ders emerge. Then, routine analytical and spectroscopic laboratory tools are much 
less useful than in the case of solution chemistry. This means the crystal engineer 
has to master or have good collaborators on methods that are not routine in chem- 
istry laboratories (CPMAS NMR, DSC, TGA, AFM, STM, XPD, XFS, etc). 

To get a glimpse of what kind of chemical system crystal engineers have studied 
over the recent years, the reader is encouraged to study some selected prospects [8, 
27], books [7, 28] and reviews [29-31]. More special topics of crystal engineering, 
such as polymorphism, green chemistry applications, and structural networks are 
very nicely reviewed by Bernstein [32], Braga et al. [33] and Ohrstrém and Larsson 
[34]. 


9.4 
Conclusions 


The X-ray crystallography of supramolecular systems is a difficult but rewarding 
task. The success of an X-ray study of a supramolecular system requires a well- 
diffracting single crystal. Obtaining it is often the most difficult and time- 
consuming part of the work. Being very persistent with the diffraction quality of 
the crystals, to obtain the best possible periodicity of the crystal lattice with no 
twinning, is the key to success. Do not collect data on a bad crystal, test several dif- 
ferent crystals and do data collection only for the best possible crystal. Repeat the 
crystal growing process and/or change the solvent system if needed. Do not worry 
which solvent you use, aim for a well-ordered and nicely diffracting single crystal. 
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Only good data can bring you a structure solution. Even though the modern struc- 
ture solution programs are extremely powerful, do not underestimate the role of 
the crystal. Even good data does not necessarily produce instant structure solution, 
be as persistent with the structure solution programs as you should be with the 
crystal quality. The larger the Wau of your system under study, the more difficulties 
you will face, but successful X-ray analysis of an interesting supramolecular system 
is always worth the time you put into it. 

The field of crystal engineering offers nearly limitless possibilities for using 
single crystal X-ray diffraction analysis, provided that the crystal growth process 
can be “engineered” to a successful production of a good quality single crystals. 
Other techniques can be used to study the non-single crystalline materials, but 
the structural information and the details of supramolecular interactions cannot 
be accurately determined. The core of crystal engineering, the ability to control 
and direct crystal growth, is still mostly unresolved phenomenon, and only very 
persistent laboratory work will bring “craftmanship” to those who are willing to 
spend a lot of time with crystallization experiments. However frustrating and 
time-consuming the crystal growing process might be, the successful result will al- 
ways be worth the time put into it. 
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10 
Scanning Probe Microscopy 


B. A. Hermann 


10.1 
Introduction: What is the Strength of Scanning Probe Techniques? 


With the invention of scanning tunneling microscopy in 1981, it became possible 
to image surfaces with atomic resolution. Since then, an entire family of scanning 
probe microscopy (SPM) techniques has developed. In recent years, the field of 
chemistry has benefited from these developments more than any other discipline. 
SPM techniques characterized, manipulated and tore apart molecules to learn about 
the molecular structure. SPM probes induced chemical reactions, observed surface 
chirality, changed molecular conformation and charge states of molecules – to name 
some of its implications on the field of chemistry. This chapter highlights various 
applications of scanning probe microscopy in the field of supramolecular chemistry. 
The majority of results giving high resolution insight into the world of supramo- 
lecular chemistry were obtained with the scanning tunneling microscope. This 
article therefore focuses primarily on scanning tunneling microscopy (STM). An 
introduction to STM is given in order to familiarize the reader with this method 
listing references to reviews and books on the subject. Some additional remarks 
on STM tips, instrument designs, vibrational damping and piezoelectric trans- 
ducers are delivered in tutorial form. Atomic force microscopy (AFM) and single 
molecule force distance measurements are briefly covered by giving a short intro- 
duction with some exemplary experimental data. In the main part of the article 
measurements from various research groups in the field highlight the multifaceted 
and diverse applications of scanning probe methods in supramolecular chemistry. 
Sample preparation methods are discussed along with the experimental results. 

The increasing number of interdisciplinary collaborations between experts 
in scanning probe microscopy (SPM) and supramolecular chemistry has already 
given much useful information about real space arrangements of supramolecular 
assemblies and supermolecules. While large and flexible molecules (the typical 
constituent of supramolecular chemistry) were widely considered too problematic 
to be analyzed with scanning probe techniques during the previous decade, data 
with almost atomic resolution has since then been obtained (even at room temper- 
ature and in air), see Fig. 10.1. This opens great possibilities to gain even further 
insight into the world of supramolecular chemistry. 
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Fig. 10.1. Self-organized monolayer prepared by solution casting of 
octyl-decorated Fréchet dendritic wedges functionalized by a methyl 
ester group (30 nm x 30 nm, bias voltage: Ubias = 500 mV, tunnelling 
current: ||| = 70 pA; 0.2 mM in hexane), C. Rohr, B.A.H., LMU 
Munich, Germany and M. Malarek, L. Scherer, C.E. Housecroft, E.C. 
Constable, Uni. Basel, Switzerland. 


Scanning probe microscopy (SPM) methods, especially scanning tunneling mi- 
croscopy (STM), are unbeaten in determining the spatial resolution of molecules. 
The term microscopy may be misleading, since the technique does not rely on op- 
tics or any other elements typical for conventional microscopy. As the name sug- 
gests, at the heart of an SPM, there is a local probe (a tip), which scans over the 
surface of a sample at a distance of less than 10 nm. The data obtained during 
scanning (by measuring a particular physical quantity, e.g. a tunneling current or 
a force) are used to generate an image on a computer. These images, depending on 
the type of microscopy and its operation mode, can display many different proper- 
ties of the sample, e.g. information on the height of molecules on a sample (also 
called molecular topography), but also electronic, mechanical, electrostatic, optical 
or magnetic properties and frictional forces can be studied [1]. As a result, SPM is 
applied in many different fields of science [2—12]. 

SPMs allow one to obtain local information in real space in some cases in atomic 
resolution. In contrast, diffraction methods achieve high resolution in reciprocal 
space by averaged information on large ensembles. While at first sight, the diffrac- 
tion methods appear advantageous when investigating regular arrangements (crys- 
talline over um distance), even in this area scanning tunneling microscopy (STM) 
is gaining more and more ground for the study of 2-D crystallization [13-15]. The 
particular advantage of SPM lies in the study of local effects, such as structural de- 
fects, local domain formation or chirality and dynamic rearrangements in a very 
high (sometimes submolecular) resolution. Its additional ability to manipulate mo- 
lecular or atomic entities and to switch charge states and conformations in a con- 
trolled way makes the STM an attractive tool for supramolecular chemistry. 


10.2 How do Scanning Probe Microscopes Work? 


Interactions between the probe and the sample are responsible for the informa- 
tion gathered as the tip is scanned over the surface. Based on the nature of these 
interactions (tunneling of electrons, electric and magnetic forces, chemical forces, 
van der Waals forces, ...) only parts of the sample in the ultimate vicinity contrib- 
ute to what is probed by the tip. If the interaction has a strong distance depen- 
dence, such as the electron tunneling current used in scanning tunneling micros- 
copy, and an atomically sharp tip is used, images in sub molecular or even atomic 
resolution may be obtained. 

Beyond imaging many more applications of SPM exist [1, 16, 17]. Each SPM 
realization has a spectroscopy mode where, for example, one parameter is deter- 
mined as a function of another (e.g. current as a function of voltage) [18, 19]. 
Objects of nanometer size, can be moved (manipulated) with the scanning probe 
tips through the forces acting between the tip (or the electric field of the tip) and 
the objects [20-22]. Additionally “on-site on-time” [23], and even "real-time" [24] 
observation of the processes on surfaces, e.g. adsorbate diffusion, is possible. On 
top of this, nano-lithography can be performed both with STM and AFM [25, 26]. 

SPM techniques are applicable under atmospheric conditions (in air), with the 
probe submerged in liquid [27], inside special electrochemistry set-ups [28], in 
ultra-high vacuum [29, 30] and under physiological conditions [31]. The measure- 
ments can be performed at room temperature, at elevated temperatures [32], and 
at low temperature [33—36]. The measurement set-up can be combined with optics 
[37, 38] and/or magnetic fields. Light emission induced from a STM tip can be 
measured [39]. SPM is readily applied to study catalysis [40—42], surface coatings 
[4], photonic materials [43], sensor surfaces and biological specimens [31, 44]. Be- 
sides many physical and engineering applications, SPM has proven useful in study- 
ing large molecules [45] and molecules from supramolecular chemistry [15, 46, 47]. 


10.2 
How do Scanning Probe Microscopes Work? 


Tunneling of electrons has been studied for more than 40 years by investigating 
two conducting electrodes separated by a thin insulating barrier" [9]. If the barrier 
is thin enough, electrons can travel through it by a quantum-mechanical mecha- 
nism called electron tunneling. Scanning tunneling microscopy (STM) makes use 
of electron tunneling by replacing one of the electrodes by a sharp metal tip. Start- 
ing at the tip, the tunneling electrons proceed through vacuum (air or liquid), 
through the layer of atoms or molecules of interest and end in the substrate or 
vice versa”, when a negative or positive voltage is applied between the tip and the 


1) 


2) 


Molecules have been embedded in the 
insulating layer to obtain (spatially averaged) 
information about electronic states of these 
molecules. 

Contrary to meaning of the term "substrate" 
in catalysis, here substrate denotes the 
support of the atoms or molecules which are 
studied. Later in the chapter, it is explained, 


that the electronic states of the substrate have 
a large contribution to the tunnelling current. 
Hence, the substrate should be homogenous 
on the atomic scale. Great attention goes into 
best possible preparation of single crystalline 
surfaces to be used as substrate when 
employing a STM. 
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substrate, respectively. The substrate corresponds to the second electrode in this 
arrangement. Scanning tunneling microscopy with the tip acting as a local probe 
was the first in a family of new scanning probe methods [2-12] (e.g. atomic force 
microscopy, AFM, scanning near field optical microscopy, SNOM). All scanning 
probe methods have in common that a probe is scanned over the sample surface 
in very close vicinity, and the microscopes must therefore be carefully isolated 
from external vibrations in order to prevent the local probe from accidentally 
touching the surface (and thus losing its sharpness). 


Tutorial 1. Vibrational Damping 


The distance between tip and sample must typically be held within 0.01 A to 
atomically resolve a metal surface with an STM. Hence it is mandatory to 
work in a compact and rigid design and to isolate the system from external 
vibrations, which is technically realized by a damping stage [48, 49]. Vibra- 
tions can be caused by the building (15-20 Hz), walking of people (1-4 Hz), 
vacuum pumps and other apparatus as well as sounds [50]. Needless to say, a 
silent STM lab (no one walks or speaks, no air-conditioning) is best for the 
data acquisition process. Each mechanical set-up, for example an STM and its 
surrounding apparatus, has its own resonance frequency and can be looked 
upon as a harmonic oscillator. External vibrations constitute a sinusoidal driv- 
ing force. The resonant frequency of the microscope set-up should therefore 
not match the frequencies of external driving forces, and preferably lie below 
1 Hz [50]. 

The technical isolation of the measurement set-up from building vibration 
is typically realized in multiple stages: the entire apparatus is positioned on a 
stone plate/table, which is either damped pneumatically, or using a layered 
wood-silicon structure or it is suspended on elastic cordage. An SPM may 
additionally be suspended on springs, with the springs being actively or pas- 
sively damped. Preferably, an additional eddy-current damping? is installed. 
Large-amplitude low-frequency perturbations may still be relatively unaffected 
by conventional damping systems, i.e. an SPM design needs to have a suffi- 
cient internal stiffness. Any unavoidable connection between the damping 
stage and the outside world (e.g. via cables running from the table to the elec- 
tronics) should be as flexible as possible in order to minimize mechanical 
coupling. External sounds are minimized by reflecting the sound waves 
from a hard surface and internal sound waves are damped by soft materials; 
this is often realized by layered hoods. Alternatively, the microscope can be 
placed in a silent room. 


3) For eddy current damping typically are induced. The Lenz rule tells us that 
conductive metal sheets are placed in the system tries to oppose the cause of 
close vicinity to magnets. When the the eddy currents, thus damps the 
sheets move or vibrate eddy currents movement or vibration. 





10.2 How do Scanning Probe Microscopes Work? 


10.2.1 
Scanning Tunneling Microscopy (STM) 


An STM contains a tunnel junction in which the barrier width can be tuned con- 
tinuously over a range, where quantum mechanical tunneling is possible (the 
nanometer range). Materials used for the electrodes, i.e. for the tip and for the sub- 
strate are metals, semimetals or doped semiconductors. Almost any kind of mate- 
rials can be adsorbed at the tip or the substrate with one restriction: it should at 
least be weakly conducting? [51]. 


10.2.1.1 Working Principle of STM 

When a sharp tip is positioned as a local probe above the surface and a voltage is 
applied, the tunneling of electrons results in a current, which exponentially decays 
with increasing distance between tip and surface. An increase in the distance of 
one Angstrom leads to a decrease in tunneling current by approximately one order 
of magnitude. It is this sensitivity, which ultimately causes the unique resolution 
of STM. 

A tunneling current occurs when electrons move through a barrier which classi- 
cally cannot be overcome. In classical terms, if a particle does not have enough 
energy to move over a barrier, it will not. However, since electrons are quantum 
mechanical objects they have wavelike properties besides their particle like proper- 
ties. These waves do not end abruptly at a wall or barrier, but decay exponentially 
(Fig. 10.2). If the barrier is thin enough, the probability function may extend 
through the barrier into the region beyond it and electrons are thus able to tunnel 
through the barrier. Electron tunneling can be used in conjunction with feedback 
to control the tip height above the surface. A so controlled STM tip is scanned over 
the surface line by line. From the scan lines a computer can generate a representa- 
tive image. 

The concept of a scanning tunneling microscope along with the first STM data 
were first published in the year 1982 by G. Binnig, H. Rohrer, C. Gerber and 
E. Weibel [52, 53]. Only five years later [54], its invention was awarded the Nobel 
prize in physics.” 

How can the tunneling barrier width and the lateral position of the tip be con- 
trolled so accurately? The tip is mounted on an actuator consisting of piezoelectric 
ceramics for reliable and exact positioning in all three dimensions (particular for 
the scanning). Only the nanometer positioning ability of piezo ceramics (see Tuto- 
rial 2 on Piezoelectric Tube Scanners and Translational Stages) made SPM tech- 
niques initially possible. 


4) STM on adsorbates and molecules is also 5) More correctly: half the Nobel prize was 
performed on thin layers of insulators for awarded for the invention of STM, the other 
application in catalysis and molecular half of the Nobel prize for the invention of 


electronics. the electron microscope to Ernst Ruska. 
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Fig. 10.2. STM is based on quantum mechanical tunneling, which can 
be best explained by taking into account the wave character of 
electrons. Here the sinusoidal wave on the left side of both pictures 
denotes the quantum mechanical state of a freely propagating electron. 
At a thick barrier the quantum mechanical state associated with the 
electron decays exponentially within the barrier (top picture). An 
electron propagating through a thin barrier has a quantum mechanical 
probability of tunneling through the barrier (bottom picture). 


Tutorial 2. Piezoelectric Tube Scanners and Translational Stages 


Highly oriented ferroelectric ceramics? polarized in an electric field (72000 
У тит?) are best for piezoelectric actuators. In such a piezoelectric material, 
even in a non-polarized state, neighboring electric dipoles can obey a parallel 
orientation. Such a group is referred to as Weiss domain. However, the overall 
dipole moments of several Weiss domains in point random directions (Fig. 
10.3a) — hence, the material is not polarized. During the polarization process 
(when a strong electric field is applied) the electric dipole moments of all the 
Weiss domains align (Fig. 10.3b) and the material slightly expands along the 
axis of the external electric field and contracts perpendicular to it. Even upon 
canceling the electric field the dipoles stay roughly in alignment (Fig. 10.3c).” 


When afterwards an electric voltage is applied to a polarized piezoelectric ma- 
terial, the Weiss domains increase their alignment proportional to the electric 
field generated by the applied voltage (this is referred to as the converse piezo- 
electric effect?). The result is a very small change of the dimensions (stretch- 
ing, contraction) of the piezoelectric material in the order of nm and micro- 
meter. That is the dimensional change a scanning probe microscope makes 
use of. 


For SPM applications, a piezo stage must be designed to move in x-, y- and 
z-directions. Several types of scanners have been technically realized (Fig. 
10.4). Most common is a tube scanner” in configuration B. Overall, piezo ma- 
terials show a reliable performance for thousands of operation hours”, how- 


ever, one has to be aware of possible hysteretic behavior” and piezo creep”. 
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Fig. 10.3. Piezoelectric ceramic with groups of oriented dipoles (a 
group is indicated with one arrow): (a) Prior to orientation in an 
electric field, the dipoles point in random directions; (b) while a strong 
electric field is applied the dipoles align; (c) a polarized piezoelectric 
ceramic ready to use. 
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Fig. 10.4. Two scanner realizations: tripod and tube, (A) contact 
scheme with the z-signal added to x- and y-signal, (B) contact scheme 
with z-electrode in the middle. 


The maximum scan size that can be achieved with a particular piezoelectric 
scanner depends upon the length of the scanner tube, the diameter of the 
tube, its wall thickness, the strain coefficients of the piezoelectric ceramic 
and the applied voltage. The sensitivity of the piezo depends on temperature: 
its maximum scan range is approximately reduced by a factor 5—6 by cooling 
the piezo material from room temperature to liquid helium temperature 
(4.2 K). The process of calibration is described in Tutorial 3. 

For approaching a STM tip to a surface (or vice versa) [55, 56] a mechanical 
set-up with micrometer adjustment [57] or a piezo-based linear translation 
stage is necessary. In principle, three classes of piezo-based motors exist for 
linear movement: caterpillars, impact drives (driven by inertia) and slip-stick 
motors [58]. Modern slip-stick inertia translation stages combine the latter 
two principles. 
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Tutorial 2 (continued) 


Piezos can be operated in the kHz regime and can travel up to several mm 
in distance, if needed. Piezos work under applied voltages between 60 and 
500 V depending on the type and technical realization. 


6) Lead zirconium titanate (PZT) is the most 
common material used for piezoelectric 
actuators. 

If a piezoelectric material is heated above 
the so-called Curie temperature, the 
overall alignment of the Weiss domains is 
lost and the piezoelectric properties 
disappear. 

Contrary to the (non-linear) converse 
piezo-electric effect: when pressure is 
exerted upon a piezo material a voltage is 
generated – this is called the (linear) 
piezoelectric effect. 

A tube scanner moves the tip along the 
section of a circle or a parabola. This non- 
linearity can lead to distortions towards 
the edges of an image, especially when 
dimensions of the scan areas come close 
to the maximum elongation specified for 
that piezoelectric ceramic at the typical 
operation voltage (approximately 

um x um even for small scanners). Most 
commercial SPM set-ups correct for that 
by scanning a larger window than used 
for displaying as the image. 

10) The operation can be ended by 
depolarization (see footnote above) or by a 
hairline crack in the piezo materials. 

11) A piezo material can show a hysteretic 
behavior (due to internal heating) when 


10.2.1.2 Operation Modes of STM 


alignment of the electric dipoles leads to 
differences between forward and 
backward scans. 


12) When a new scan size is actuated with a 


piezo scanner (e.g. 60 um), the piezo will 
further stretch (to 61.8 um) over time. 
This effect causes an apparent bending of 
rows at the beginning of an SPM image. 
Hence, to avoid piezo creep in an image, 
the measurement should be restarted 
after the first 2096 of the imaged area, 
when a new scan range has been selected. 


13) A mounting block slips along a guided 


(movable) shaft, to which it is otherwise 
sticking because of friction. In the 
following procedure, a net step is 
obtained: the sliding shaft is first 
accelerated very rapidly over a short 
period of time (typically microseconds) so 
that the inertia of the sliding block 
overcomes the friction. The sliding block 
unlocks from the accelerated shaft and 
remains in its place. Subsequently the 
guiding shaft moves back to its initial 
position slowly enough for the mounting 
block to stick to the shaft and to move a 
step. Periodic repetition of this sequence 
leads to a step-by-step motion of the 
mounting block in one direction. 





When a bias voltage is applied between tip and substrate to induce electron tunnel- 
ing, STM images can be obtained in several operation modes: 


Constant Current Mode Setting the instrument to hold a specified tunneling cur- 
rent is one mode of operating an STM (Fig. 10.5a). In this mode, a feedback loop 
adjusts the distance between tip and sample, the so-called z-height, in order to 
keep a particular current (the set-point current Д). Ideally, if the surface were elec- 
tronically homogeneous, the z-height of the tip would directly yield the topography 
of the surface. In fact, the STM actually senses the number of filled or unfilled 
electron states near the Fermi level (the highest energy of occupied states at zero 
temperature) within an energy range defined by the applied bias voltage. Rather 


10.2 How do Scanning Probe Microscopes Work? | 345 


bxc (4 —— — алса гойт 
V. Л лл AES 


tunneling current 


path of tip path of tip 


LL EE RID ЕЕЕ 


sample (a) sample (b) 


Fig. 10.5. (а) constant current modus for obtaining a “topographic” 
image, (b) constant height modus for measuring current images; only 
applicable on (atomically) flat surfaces. 


than measuring physical topography, the tip follows the surface of constant tunnel- 
ing probability (related to the electron density). This can be exploited to study mol- 
ecules, because the chemistry of molecules is mostly determined by the electronic 
properties of the bonds. 


Constant Height Mode Alternatively, on (atomically) flat surfaces, the tip-sample 
distance can be kept constant by disabling the feedback (Fig. 10.5b). The variations 
of the tunneling current are then recorded. Constant height mode is often used to 
atomically resolve surfaces and does not give any direct topographic information. 
However, it is particularly useful, when high scan speeds are desired (e.g. for video 
STM). 


STM in Liquids Under suitable conditions (see below), STM can be applied with 
the tip submerged in liquid. For imaging molecules on surfaces at liquid—solid in- 
terfaces, STM is performed in nearly saturated solutions [59]. Typically the solvent 
is non-conductive, has a low vapor pressure and shows a lower affinity to the sub- 
strate than the molecules to be studied. The scanning parameters, i.e. tunneling 
voltage and current that determine the distance of the tip to the sample, are opti- 
mized such that an ordered monolayer of the molecules fits between tip and sub- 
strate and can be imaged with high resolution.” A voltage pulse (applied outside 
the imaging area) can help to initiate ordering of molecules at the liquid—solid 
interface. The dynamic exchange of molecules adsorbed on the surface with mole- 
cules in the liquid face eases repair in self-organized structures. Thus, it is chal- 
lenging to distinguish spontaneous ordering of the molecules under the scanning 
tip from a substantially ordered architecture, which could also in rare cases include 
defects. 

STM at the liquid-solid interface bears many advantages compared to operation 
under ultrahigh vacuum conditions: First of all, it combines ease in operation and 
low infrastructure costs, but also it is better suited for investigations of large and 


14) When the parameters are optimized for resolved images of the surface then become 
scanning the surface, the tip is low enough to possible although the molecules are still 
penetrate the molecular layer. Atomically present. 
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fragile molecules?. However, the samples can only be cooled down to tempera- 
tures close to the solidification temperature and heated to the evaporation temper- 
ature of the solvent. 

When an STM is operated in air, in general a water film is present on all sur- 
faces. STM at the liquid-solid interface on the other hand offers control and tun- 
ing of the solvent properties as a function of the particular substrate and/or mole- 
cules. When measuring at the liquid—solid interface, STM is performed in a sealed 
fluid cell, otherwise the operation time is limited by the evaporation of the solvent. 

Due to its many advantages, STM at the liquid-solid interface [27] has provided 
detailed insight into the molecule-substrate (epitaxy [60]) and molecule—molecule 
interactions (e.g. hydrogen bonding, metal complexation) responsible for the order- 
ing of molecules on the atomically flat surface. It is possible to induce chemical 
reactions at the liquid-solid interface, via external stimuli (e.g. light), or by manip- 
ulation with the STM tip, where the location and orientation of functional groups 
could be controlled [27]. 


102.1.3 Imaging with STM 

The following paragraphs mainly concentrate on the "constant current mode", and 
only briefly mention peculiarities of the "constant height mode". As already men- 
tioned, in electronically homogeneous samples constant tunneling current images 
allow to map the topography. More precisely speaking, the tunneling tip follows 
a surface of constant tunneling probability (or electronic density). STM actually 
senses the number of filled or unfilled electron states near the Fermi level (the 
highest energy of occupied states at zero temperature) within the energy range de- 
termined by the bias voltage. 

During the scanning process, a bias voltage is applied between tip and substrate 
to establish the tunneling current. Usually, this small tunneling current of the 
order of nA is transformed into a voltage and amplified by a factor of 10? to 
1010 to facilitate the measurement. When the set-up is operated with an analog 
electronic in "constant current mode", the so obtained voltage'? is compared (Fig. 
10.6) to the reference voltage (corresponding to the set-point current) and the dif- 
ference is taken. An electronic feedback circuit minimizes this difference by adjust- 
ing the vertical position of the tip over the surface: for this the difference is multi- 
plied with a predetermined gain (typically containing a proportional and an 
integral part) and high voltage amplified, and finally added or subtracted to the 
piezo voltage to regulate the tip. The speed and quality of the feedback circuit is 
optimized by tuning the interplay between these proportional" and integral'? pa- 


15) Thermal evaporation or organic molecular 16) In general applications, the logarithm of the 
beam epitaxy (OMBE) are the most common tunneling current signal is calculated. For 
methods to introduce molecules into an imaging in atomic or sub-molecular 
ultrahigh vacuum environment. Most resolution, comparing with a linear function 
molecules in the field of supramolecular of the tunneling current signal may be 
chemistry are too fragile for these methods, advantageous. 


because they decompose. 


electronics 


reference 
voltage high voltage 


Fig. 10.6. 
"constant current mode". 
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STM tip and piezo tube in the feedback circuit use in 


rameters” [24]. Typically, sub-molecular resolution” is only obtained for ideal pa- 
rameters (bias voltage, set-point current, proportional- and integral parameter). 

By applying appropriate voltage ramps to the x- and y-piezo-drives (Fig. 10.7), the 
tip is scanning along the surface line by line, controlled by the feedback and thus 
follows the electronic contour of the studied object. 

Perpendicular to the scan direction, the scanner steps from one line to the next 
line.” The scan speed is typically defined as the number of lines acquired per unit 


of time and is usually given in Hz. 


The step size is given by the size of the scan area and the pixel resolution of the 
image”. The acquired signal – either the voltage needed to move the tip up and 
down in z direction (constant current mode) or the tunneling current itself (con- 


17) also called proportional gain. Optimal values 
for the proportional gain may easily span two 
orders of magnitude (e.g. 0.2 to 20). When 
the proportional gain is large, a large 
difference between signal and set-point will 
lead to large adjustment in the tip height. 
also called integral gain. Concerning the 
optimal values, see proportional gain. For the 
integral gain, the difference between signal 
and set-point is integrated over time. This 
gain so to speak "remembers what happened 
in the past". Only when a significant integral 
gain is used, can the difference reach zero, 
otherwise a permanent difference between 
set-point and tunneling current remains. 
In real-time applications, optimizing the 
feedback parameters is particularly crucial. 
With respect to this a lot can be learned from 
the papers of the SPM community. 
20) An additional enhancement in resolution can 
be achieved by operating the microscope in 


18 





19 


the low current regime (0.2 to 10 pA, in 
contrast to typical values of some ten pA to 
some ten nA). Applying a bias voltage to the 
tip leads to a strong inhomogeneous electric 
field, which in turn exerts an electrostatic 
force on the molecules on top of the substrate 
and disturbs the measurement. When 
investigating soft and flexible molecules, this 
electrostatic force can be minimized by 
lowering the tunneling currents, because for 
smaller tunneling currents the tip is further 
away from the object of study (see discussion 
later in the chapter). 


21) The direction of a line is often referred to as 


the “fast scan direction", the perpendicular 
direction consequently as the “slow scan 
direction". 


22) Typical sizes are 256 points by 256 points 


(256 x 256) and 512 points by 512 points 
(512 x 512). 
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Fig. 10.7. Scanning process: The surface is imaged line by line. While 
the tip continuously follows the surface, the measurement is taken at 
the positions denoted by black circles. 


stant height mode) – is converted into an image by assigning different colors or 
gray scales to the data values. 

In the first case, the z-height has to be calibrated on reference samples (see Tu- 
torial 3 on calibration) in order to receive meaningful results. 


Tutorial 3. Calibration 


Scanning probe instruments are used to study surfaces quantitatively. They 
have to be calibrated in order to give accurate length dimensions. Because of 
peculiarities of piezo scanners, ie. non-linearities, temperature and scan 
speed dependences and hysteresis, this process is usually not straightforward 
and has to be done thoroughly to obtain accurate results. Thermal drift” can 
lead to much greater distortions on an SPM image than piezo non-linearity. 
Hence, one is advised to establish thermal equilibrium”, when calibrating a 
system. 


Lateral calibration (x-y) The lateral calibration in the x-y-scan direction of 
scanning probe microscopes is usually performed by a set of measurements 
on appropriate physical standards e.g. a micro/nano grid and/or a standard 
sample that can easily be imaged with atomic resolution, in most cases 
HOPG (highly oriented pyrolytic graphite) for STMs. Such standards consist 
of regular periodic structures of well-known dimensions in one or two lateral 
directions and are used to determine the voltage necessary to extend the piezo 
tube to a certain distance. From the images of these standards, the conversion 
factors of voltage to distance for the x and the y axes as well as correction fac- 
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Fig. 10.8. Different types of image distortions. The small circles mark 
the reference positions in an ideal 2-D grid, the crosses indicate the 
measured positions. Depending on their origin, these errors are either 
temporary, permanent or of dynamic nature. Hence, the dynamic 
behavior of the scan system has to be taken into account when 
performing a lateral calibration. The scan speed may even have a 
greater influence on the actual correction factor than the scan range. 
Further to be considered are the digital resolution (in z-direction) and 
the number of pixels (in x-y-direction). 


tors for non-linearity are obtained (see below). For calibration purposes, these 
standards are systematically scanned on various length scales and at various 
scanning speeds (as well as different temperature ranges in variable tempera- 
ture set-ups). In the case of an STM, the smallest scale is often controlled 
with graphite (HOPG) in atomic resolution or with a clean silicon (111) sur- 
face showing the well-known (7x7) reconstruction (for ultrahigh vacuum 
compatible STM). 

Non-linear distortions in a measured image can be of following type: posi- 
tioning, straightness, squareness, and rotational errors (Fig. 10.8). 


Height calibration (z)  Monoatomic steps on the Au(111) surface and a 
nanogrid with defined z-height have proven to be good standards for the z- 
calibration of an STM. In many respects the calibration procedure for the 
vertical axis (z-axis) is comparable to that for the lateral axes, however, the 
vertical movements are often much faster (in order to follow the object's to- 
pography or more accurately its electronic contour), than in the lateral direc- 
tions. In order to obtain accurate results, the parameters of the feedback con- 
trol system (e.g. proportional factor P and integration time constant I), that 
influence the dynamic behavior of the SPM in z-direction, need to be adjusted 
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Tutorial 3 (continued) 


carefully for the particular scan speed used e.g. by monitoring the error signal 
and subsequently minimizing it. 

The z-calibration is performed by measuring the z-height profile across a 
monatomic step on a well-known sample, in most cases a Au(111) surface,” 
carefully taking into account the sample tilt." When measuring the step 
height in a line scan, the area directly adjacent to the step edge should be 
neglected due to dynamic effects and convolution™ of the scanning tip geom- 
etry with the actual topography. Additionally, a z-calibration with a defined 
nanogrid is usually performed in order to obtain data on a larger scale. 

Due to piezo wear, the z-height needs to be inspected in regular intervals 
and also the lateral calibration should be checked at least every three months 
to ensure correct quantitative data. 


23) The working temperature may not be 25) If possible, it is best to adjust the average 


equal to the surrounding temperature, 
when the STM is heated up during the 
measurement. A STM, like any other 
instrument, is composed of various 
materials, each of which adopt the 
working temperature with a different 
speed. Variations in the temperature lead 
to elongation or compression of all these 
materials. Though thermal expansion 
(compression) is small in most materials 
for temperature changes of the order of 
1 °C, the length changes are 
nevertheless large enough to create 
distortions on the length scale of 
nanometers. 


24) Thermal drift can be controlled in 


comparing top to bottom with subsequent 
bottom to top scans: no differences in 
angles (e.g. observed between the same 
row) and no compression or elongation 
should be observed, when the set-up is in 
thermal equilibrium. 


z position (or z offset) in a way that the z 
actuator operates in the middle of its 
range, i.e. symmetrically around 5096 of 
its maximal elongation during each of the 
calibration measurements. 


26) Gold surfaces tend to deteriorate rather 


quickly; hence, freshly prepared samples 
should be used for the calibration. 


27) Choose a flat area near a step as scan area 


to determine the tilt of the sample. For 
correcting the tilt in the step height image 
obtained nearby, subtract the plane 
obtained in this way. 


28) A common problem in all scanning probe 


microscopy methods is that tips have 
some width (in the best case they are still 
at least one atom wide) and that the width 
of the tip leads to broadening of the 
structures observed on the surface by 
convolution of the tip with the surface. 
This is explained in more details in the 
Tutorial on STM tips. 





10.2.1.4 Tunneling Spectroscopy 

The electronic structure of a metal is shown in a simplified diagram (Fig. 10.9). 
The electrons of the metal occupy all available energy levels up to the Fermi energy 
Ер, at which they precisely compensate the positive charge of the ionic cores of 
metal atoms. For an electron to leave the metal and thus to obtain the energy of 
the vacuum level, it needs to acquire an extra amount of energy ¢ above the Fermi 
energy (Fig. 10.9). The energy ¢ is known as the work function of the metal. 
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specimen 


Fig. 10.9. (а) А metallic surface (denoted specimen) with a simplified 
density of states with occupied states up to the Fermi energy level Ер 
showing that the work function ¢ has to be overcome to free an 
electron from the metal into the vacuum space. (b) The same metallic 
surface with a scanning tunnelling microscope tip (the density of states 
of the tip is similarly simplified) in close vicinity and a voltage Ugias is 
applied. Now electrons can directly tunnel from the sample into 
unoccupied states of the tip without overcoming the barrier. Only 
electrons within the energy window between Ер and Er + eUgi, can 
tunnel. 


Classically, electrons still need to have an extra energy ¢ above the Fermi energy 
to move from the specimen to the tip or vice versa, even if the tip and the speci- 
men come in close proximity (provided there is no conductive connection). 

In quantum mechanics: if the distance d between specimen and tip is small 
enough, electrons can "tunnel" through the vacuum barrier (see above) without 
having an extra energy ¢. When a bias voltage + в;аѕ is applied between specimen 
and tip, the tunneling effect results in a net electron current from the occupied 
states within е0; of the Fermi energy into the unoccupied states to the tip”. 
This so-called tunneling current can also flow from the tip into the specimen 
when the polarity of the bias voltage is reversed. When the electrons tunnel from 
the specimen into the tip, the highest occupied states (or the HOMO - highest 
occupied molecular orbital) of the specimen are probed. When the electrons tunnel 
from the tip into the specimen, the lowest unoccupied states (or the LUMO – 
lowest unoccupied molecular orbital) are filled first. Although being strongly sim- 
plified, the HOMO/LUMO treatment holds for many experimental observations 
[61]. However, a quantitative analysis should take into account shifts and broaden- 
ing of energy levels due to the electronic coupling between adsorbate and substrate 
as well as the finite temperature” and the electric field in the vicinity of the STM 


29) Here and in the following discussion it is 30) Strictly speaking, the theory presented in the 
assumed that the positive pole of the voltage following is valid only at T — 0 K. A finite 
is applied to the tip! temperature always leads to a level 


broadening. 
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Fig. 10.10. Tunneling current versus tip-sample distance іп ап STM. 


tip (~107 У ст"). Furthermore, the presence of polar solvents can lower the 
energy due to local uncompensated charges. 

In a simplified treatment (see Eq. 10.1), the tunneling current depends on the 
tip-surface distance d, on the voltage U, and on the height of the barrier ¢ (Fig. 
10.10): 


1,(4) oc eUgis ехр[- (2d/R) (2m.9) У 7] (10.1) 


This approximation" shows that the tunneling current depends linearly on 
the bias voltage 1Љ;а; and exponentially on the distance d. The other quantities in 
the equation, namely the work function 4, the electron charge e and mass me, and 
Planck's constant fi, are constant for a given material. For a typical value of the 
work function ¢ of 4 electron Volts (eV), the tunneling current reduces by a factor 
7.7 for every 0.1 nm increase in d. This means that over a typical atomic diameter 
of 0.3 nm, the tunneling current changes by a factor 456! The tunneling current 
depends on the distance so strongly that it is dominated by the contribution flow- 
ing between the last atom of the tip and the nearest atom in the specimen. As 
mentioned previously this is the primary reason for the high resolution of the 
STM. 

In order to observe images in atomic or sub-molecular resolution with STM, a 
high sensitivity is essential and, in particular, the tip must be held in a stable posi- 
tion in close vicinity to the surface. To remain as sharp as possible, the tip must 
approach to the surface without uncontrolled contact. This can be realized in var- 
ious experimental STM set-ups (see Tutorial 4 on STM designs). 


31) The formula was derived for metals, where 
one can assume a s-orbital shaped apex atom 
and a one dimensional symmetric tunneling 
barrier in the limit of a small bias voltage. 
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Tutorial 4. STM Designs 


The components of an STM set-up: piezoelectric tubes and tripods as well as 
linear translational drives were explained in Tutorial 2 on piezoelectric tubes 
and translational drives. This tutorial focuses on how the components can be 
combined and operated to perform STM. 

To better understand advantages and disadvantages of possible designs, 
first the operation is discussed, which consists of two phases: (a) the approach 
of the tip — discussed in this tutorial and (b) the scanning (eventually com- 
bined with spectroscopy, manipulation, or lithography) — discussed in the fol- 
lowing paragraphs. Approaching the tip towards the sample without touch- 
ing, is possible due to a controlled interplay between coarse approaches, e.g. 
piezo translational stage”, and fine approaches realized by over-extending the 
scanner tube or tripod. The procedure of an automatic approach is a repeti- 
tion of these coarse and fine approaches: With the coarse approach, the tip is 
brought a step closer to the sample (i.e. the step size is smaller than the range 
of the z piezo). Then in the fine approach, the tube/tripod scanner is slowly 
extended in z-direction, with the feedback turned on. Then, as long as no 
tunneling current is established, the tip is fully pulled back. With the coarse 
approach the tip is moved another step towards the sample. This is repeated, 
until the tip reaches the surface, i.e. a tunneling current is detected. 

In order to allow the above described procedure, the components can be 


combined in various designs. Among the fully piezoelectrically driven scan- 
ning tunneling microscopes, two main categories of designs exist: based on 
linear piezo-translational stages and a beetle or Besocke set-up (Fig. 10.11). 
A Besocke STM (beetle) consists of a scanner tube plate attached to three 
piezoelectric walkers, which move on three heliclines (denoted ramp in Fig. 
10.11) along the circumference of the round sample holder plate. The sample 





Fig. 10.11. Besocke set-up. 
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Tutorial 4 (continued) 


is mounted in the middle of the sample holder, while the scanner tube is at- 
tached in the middle of the scanner tube plate. By applying an appropriate 
voltage to each of the three piezoelectric walkers, they stretch in a counter- 
clockwise direction around the circumference of the sample holder and the 
scanner tube plate with the three walkers has made a step down the ramp. 
When the voltage is then quickly switched off, the scanner tube plate stays 
in place due to inertia. Repeated many times, the scanner tube plate (and 
thus the tip) approaches towards the surface over the walkers moving down 
the helices in this slip-stick motion. A disadvantage of the beetle design is 
that positioning in x-y-direction with the walkers is hardly reproducible be- 
cause the tip circles”. 


The other type of design relies on linear piezoelectric translational stages, 
which either move the sample or the scanner tube, while the other remains 
fixed. These designs do not suffer from the drawback mentioned above and 
can reproducibly position the scanner tube and thus the tip in x-y-direction. 
However, concerning stability/drift upon cooling, the beetle design is supe- 
rior, because it is a very well balanced system. 


32) In some designs, the translational stage is 34) Due to technical limitations, it is not 
replaced by a mechanical set-up e.g. with possible to mount a tip in the middle and 
a screw with fine pitch thread. straight with sufficient precision to avoid 
33) For automatically approaching a surface, circling, when the plate (where it is 
it is crucial that the noise on the attached to) is rotated. 
measured tunneling current is as small as 
possible. 





The scanning tunneling microscope is a tool not only capable of imaging indi- 
vidual atoms and molecules, but also of manipulating and spectroscopically charac- 
terizing them. Ho [62] looks upon the tunnel junction as a nanocavity allowing the 
versatile STM to interact with atoms and molecules. Since the electrons coupled to 
the nuclei of molecules are the driving force for chemical transformations and re- 
actions, the STM with its tunneling electrons can be used to characterize and in- 
duce atomic and molecular motions [20—22] and to form and dissociate chemical 
bonds and thus introduce chemical reactions [63—65]. 

The spectroscopic (I-U) information obtained with STM [18] is best valued 
by comparing it with conventional methods to obtain I-U data: information 
on electronic properties of the sample is gathered by regular electric transport or 
magneto-transport measurement set-ups over a comparatively large sample area 
(of dimensions of some 10 nm to a few millimeters) with the microscopic structure 
of the sample largely unknown. STM can be used as a spectroscopic tool, probing 
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Energy of electron 
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HOPG Pyrene Tip 


Fig. 10.12. Schematic representation of the energy diagrams of pyrene 
between a STM tip and HOPC. Based on [66], Copyright (2005), with 
permission from Elsevier. 


the electronic properties of a material at a specific position with atomic precision, 
while the surrounding area is known””. 

The electronic structure of an atom depends on its chemical nature and on its 
environment, i.e. how many nearest neighbors surround the atom, their chemical 
nature and the symmetry of their arrangement. Scanning tunneling spectroscopy 
in general shows the same spatial resolution as is obtained in imaging, i.e. atomic 
resolution or molecular or sub-molecular resolution. 

The different scanning tunneling spectroscopy (STS) modes [18] are discussed 
below. 

As an example: STS and STM have been used to characterize and interpret the 
z-stacking of 1-pyrenehexadecanoic acid on HOPG at the liquid-solid interface 
(Fig. 10.12). The tunneling electrons were found to couple to the z-stacked pyrene 
moiety at lower voltage than for isolated molecules [66]. The conductance of an 
a-helical peptide trapped between a gold-tip and gold-surface via S-Au linkage was 
determined with STS and found to be comparable to the reference molecule dodec- 
anedisulfide [67]. 


35) The position is controlled by imaging the area 
prior to the spectroscopic measurement and 
re-checked after finishing the spectroscopic 
measurement. 
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di/dU: Scanning Tunneling Spectroscopy (STS) — Electronic Density of States The 
local electronic and chemical environment can be probed with scanning tunneling 
spectroscopy (STS) using various methods: (a) In the first mode discussed here, 
the feedback is turned off and the tip is positioned above the object/position of 
interest while ramping the bias voltage and simultaneously recording the tunnel- 
ing current.*? In this way, the electronic structure at a specific location on the 
sample surface is obtained, because the first derivative dI/dU is proportional to 
the electronic density of states (see below). STS measurements can be performed 
at every point in an image, providing a two-dimensional map of the electronic 
structure (Fig. 10.13a) [68]. (b) Such information is also obtained in the second 
mode discussed here by taking “topographic” (constant-current) images employing 
different bias voltages and by subsequently comparing them (Fig. 10.13b). 

A lock-in amplifier allows to directly measure dI/dU, yielding a direct access 
to the density of states at the Fermi-level, when plotting (dI/dU)/(I/U) versus U 
(Eq. 10.2)? 


(dI/dU)/(I/U) ~ [ps(e 0)рт(0) + ACU)]/[B(U)] (10.2) 


with ps being the density of states of the sample and рт being the density of states 
of the tip. A(U) and B(U) are functions only weakly depending on U in the case of 
metals [69]. 


d?I/dU?: Inelastic Electron Tunneling Spectroscopy (IETS) — Phonon States Local 
chemical analysis with the STM is possible by identifying molecules through their 
vibrational eigenmodes using inelastic electron tunneling spectroscopy (IETS). The 
ability to measure a local vibrational signal with sub-Angstrom resolution in single 
molecules makes it possible to directly characterize the chemical bonds and their 
interactions with the surrounding medium. In addition, the molecules are usually 
unaffected by IETS since the tunneling electrons involved have only small ener- 
gies. To determine the IETS signal, the tip is placed accurately over the molecule 





> 


Fig. 10.13. (а) In steps A їо G the formation of a metal-porphyrin- 
metal bridge is observed . The d//dU versus bias voltage curves аге 
obtained at the denoted points (a—d) in the corresponding images; (b) 
images obtained at different bias voltages during the bridge forming 
process (A-G). (Reprinted with permission from [68]. Copyright 2003 
AAAS). (c) Manipulation of a cyclodextrin necklace with an STM tip. 
Displayed is a pair shuttling process and a reversible bending of the 
necklace. (Reprinted in parts with permission from [75]. Copyright 2000 
American Chemical Society) 


36) Each I-U curve is obtained within fractions of 37) The formula is valid for low bias voltages in 
a second, therefore thermal drift can be WKB (Wentzel-Kramers-Brillouin) 
neglected. approximation. 
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Fig. 10.14. Contribution of a vibrational mode to I/U, 41/40, 421/402 
by opening an additional tunneling channel. 


of interest and dI/dU curves are obtained e.g. with lock-in at each point of interest. 
When the threshold energy of hw needed to excite a vibrational mode is reached, 
an additional tunneling channel opens, leading to a peak in the d^I/dU? signal 
for positive bias at +hw and a depression in the d^ I/dU? signal for negative bias 
at the symmetric value of —ћо (Fig. 10.14). 

A drawback of IETS are the small signals, which require high statistics to 
improve the signal-to-noise ratio and observe the peaks in the second derivative of 
the signal. The requirements imposed on the measurement setup are extremely 
high, because a long data-taking time without external disturbances are mandatory 
for reliable results. Additionally, the interpretation of the results appears to be dif- 
ficult, therefore, single-molecule vibrational spectroscopy in solids has not been 
extended far beyond a demonstration of feasibility [62]. 
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41/2: Current versus Distance — Work Function 41/42 measurements provide in- 
formation about the z-dependence of the tunnelling current, which is correlated 
with the work function at a specific location x, y of the surface (equation 10.1). 
Note that ¢ in eq. 10.1 is the barrier height, which corresponds to the average 
work function ¢ = ($. + ф,)/2, where ф, and ¢, are the tip and sample work func- 
tions, respectively). 41/42 can as well be probed in two modes of operation: (a) in 
the first mode, the tip is retracted over the object/position of interest while record- 
ing the tunneling current as function of the tip-sample distance. (b) In the second 
mode, the tunneling current is measured at different heights in constant height 
mode. With dI/dz measurements, the characteristics of the tunnelling gap and the 
STM tip can be tested, since surface/tip contaminations and water films (in general 
present when measuring under ambient conditions) can influence the results.” 


10.2.1.5 Manipulating Atoms and Molecules with STM 

With an STM tip as "engineering tool" for surface modification, artificial atomic- 
scale architectures can be fabricated [70—72], chemical reactions on surfaces can 
be induced [63—65] and properties of single molecules can be studied at an atomic 
level [20, 21]. Manipulations with an STM tip can be performed by precisely con- 
trolling tip-sample interactions using tunneling electrons or the inhomogeneous 
electric field between the tip and sample. 

The following discussion introduces surface/sample modifications through the 
STM tip by focusing on manipulation of atoms. Manipulation of molecules is 
based on the same principles; examples are listed at the end of this section. 

The STM tip has to be particularly well-defined for manipulation experiments. A 
controlled contact with the surface is often performed prior to manipulation experi- 
ments (see Tutorial 4 on STM tips). An STM manipulation process used to relocate 
single atoms or molecules across a surface is called a lateral manipulation. Such a 
lateral manipulation process involves: (a) vertically approaching the tip towards the 
manipulated atom to increase the tip-atom interaction, (b) moving the tip parallel 
to the surface while the atom stays under the influence of the tip and moves later- 
ally, (c) retracting the tip back to the normal scan height and thereby leaving the 
atom in its desired final location on the surface. 

The atom can be moved under the influence of the STM by either pulling, push- 
ing or sliding the atom with the tip. 

Which of the movements is initiated can be controlled by choosing appropriate 
components of the force of the STM tip in the direction perpendicular (FL) and 
parallel (Ри) to the surface. 

Pulling: the tip starts from directly above (no Ри component) and moves over the 
atom in direction of the planned lateral movement. Under the increasing Ри com- 
ponent of the force, the atom hops into the next energetically favored position on 
the substrate. At this point, the STM feedback system retracts the tip in order to 


38) As a rule of thumb for measurements in air, within 1 nm < z < 2 nm, the tip may still 
if the tunnelling current I4 drops to one half lead to atomic resolution on HOPG, for any 
within a distance of z « 0.3 nm, the tip can values z > 2 nm, the tip should be replaced. 


be considered to be very good, if it drops 
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(a) 


Fig. 10.15. (а) schematic drawing explaining the force component 
parallel and perpendicular to the surface. (b) height signal (in constant 
current mode) during the lateral movement of the atom with the tip (1) 
pulling, (2) pushing, (3) sliding. Adapted from [20]. 


maintain the constant current causing an abrupt increase in the tip height. Repeat- 
ing the sequence provides a saw-tooth-like tip height curve (Fig. 10.15b1). The 
atoms follow the lateral movement of the STM tip. 

Pushing: the tip starts behind the atom (large Ри component) and moves over the 
atom in direction of the planned lateral movement. At a certain distance the FL 
and the Ри component of the force push the atom to the next energetically favored 
position on the substrate. The atom moves while staying in front of the STM tip. 
When the atom has moved away, the STM feedback system initiates a sudden 
approach of the tip to the surface in order to maintain the constant current causing 
again an abrupt decrease in the tip height. Repeating the sequence also provides a 
saw-tooth-like tip height curve, but of opposite form (Fig. 10.15b2). 

Sliding: the atom stays under the tip during the lateral movement (Fig. 10.15b3). 

As an example, Moresco and co-workers [73] have manipulated a six-leg single 
hexa(4-t-butylphenyl)benzene (HB-HPB) molecule? to adsorb five copper adatoms 
on a Cu(111) one at a time at low temperatures. When the molecule was picked 
up after the manipulation with the STM tip, the HB-HPB molecule released a 
Cus-cluster. 

Crommie and co-workers [74] have reversibly built К,„ Со (x = 1-4) complexes 
by moving Соо molecules over potassium adatoms оп а Ag(001) surface with an 


39) The HB-HPB molecule consists of a central 
benzene ring connected to six phenyl groups 
each connected to a t-butyl end group. The 
phenyls can rotate whereas steric hindrance 
between the phenyl groups forbids a full 
planar conformation of the molecule. 


Moresco and co-workers believe that the 
t-butyl end groups elevate the central HPB, 
creating a cage in which the Cu adatoms are 
trapped between the central HPB group and 
the metal surface underneath. 
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STM tip at low temperatures. Further manipulation of the so obtained K,Cg9 com- 
plexes allowed moving them without detaching the potassium atom, thus proving 
that indeed a complex had been formed. When accidentally picking up the Се 
molecule, the potassium atom was liberated. 

Manipulation has also been applied to supermolecules: Shigekawa et al. have 
manipulated a cyclodextrin necklace with the STM tip [75]. They were able to 
move one and two cyclodextrin molecules at a time. Additionally, they were able 
to reversibly bend the necklace (Fig. 10.13c). 


Tutorial 5. STM tips 


STM tips can be made of e.g. platinum iridium (РЫт), tungsten (W), titanium 
carbide, gold, silver, etc. Tungsten has a step-like density of states with no fea- 
tures and therefore expected to have the least influence on the tunneling pro- 
cess (рт(0) in eq. 10.2). However, tungsten oxidizes quickly in air (leading to 
much reduced conductance). For reproducible results, the oxide layer needs 
to be removed by special treatments in vacuum, i.e. heating, Ar ion sputter- 
ing, field emission, or electron bombardment (some of these methods are dis- 
cussed in greater detail near to the end of this tutorial). In order to avoid re- 
oxidation after such a tip cleaning treatment, tungsten tips are only used in 
vacuum. РИг tips with a very steep geometry (see theoretical simulations of 
tips at the end of the tutorial) can be obtained by cutting and pulling a Ptlr 
wire at the same time, by electrochemical etching or by ion-milling. 

STM tips operated in electrochemistry environments have to be coated with 
wax or with a solvent resistant polymer (e.g. nail varnish, epoxy) leaving the 
tip apex free. 

However small the structures under study are, the STM tip always consists 
of atoms, which have a finite dimension. Hence, the structure of the tip has 
an influence of what is observed with STM. If one assumes in a Gedanken- 
experiment that an infinitesimally sharp object is standing on the surface 
(mathematically a delta-function), then the tip will be convoluted at the object 
(Fig. 10.16, far right) and visible in the STM image will be the front most tip- 
end (up-side down) and not the sharp object itself. Hence, sharp tips are cru- 
cial for high-resolution in STM and, more general, in all Scanning Probe 
Methods (SPM). 

In ultrahigh vacuum, a number of methods can be used in order to im- 
prove the sharpness of the STM tips prior to and during the investigations: 

When performed outside the scan area of interest, a sudden increase of the 
bias voltage to about —7 to —10 V (at the tip) for 2—4 scan lines (on metal sur- 
faces) leads to a controlled field emission of electrons”. By this treatment 
some atoms may move down to the tip apex due to the non-uniform electric 
field and form a nanotip (Fig. 10.17) [76]. 
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Tutorial 5 (continued) 


path of tip 


sample 
Fig. 10.16. Convolution of the tip shape into the measured profile. 
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є |electrons 
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Fig. 10.17. Field emission of electrons from a tip by applying a large 
negative bias to the tip. 


During measurements on silicon, a controlled collision of the tip with the 
Si surface can be used to improve tip sharpness. The tip may pick up a Si- 
cluster, which forms a monoatomic apex with a p;-like dangling bond. 

Another possibility sharpening an STM tip is to place the tip in a heating 
filament and bombard it with electrons. 

Recently, the method of a two step controlled tip sample contact described to 
extract atoms and form a sharp tip on Ag(111)? [77]. 

For modeling purposes, the electronic structure of a tip is approximated by 
a linear combination of atomic orbital (LCAO) method. Cluster models of 10— 
20 atoms are utilized [78]. It has been found that the tunneling current is 
concentrated on a single apex atom, if the other front most atoms of a tip 
are not located on the same level. Hence, the apex atom of the tip matters 
(examples are in Fig. 10.18) [79]. 
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Tutorial 5 (continued) 


Tungsten Platinum 


single 
apex 
— atom 


[111]! [110] mu 


Fig. 10.18. Cluster models of “theoretical” Tungsten and Platinum 
tips. The apex atom points in specific atomic directions. The apex 
can be replaced by an adsorbate (not shown) [79]. Adapted from 
reference [78]. 


—— 


40) For this procedure usually the tunneling between +3 and +8 V have been reported 
current preamplifier has to be either by Hla and co-workers. For the second tip- 
protected by a special circuit design or sample contact (on a flat area at the side), 
disconnected. the tip penetration depth is precisely 

41) A suitable ‘z’ piezo voltage is applied to controlled to be again 3.5 nm. The 
dip the tip into the substrate by 3.5 nm tunneling voltage applied for this second 
while the tip is over an atomically flat tip-crash is 1.5 V. The newly obtained 
surface area. The dipping will coat the tip crash profile shows a smaller indentation 
with Ag atoms. Dipping speeds between and the authors concluded they had 
0.2 and 2.5 nm/s and tunneling biases obtained a sharper tip. 





10.2.2 
Atomic Force Microscopy (AFM) 


The AFM makes use of a sharp tip attached to a cantilever, acting as a spring. Un- 
like STM, where the tunneling current is a measure of the interaction, the force 
between tip and sample is detected via its mechanical influence on the cantilever 
deflection or resonance. The AFM can be used to study insulating, semiconducting 
and conducting samples. 


10.2[2.1 Function Principle of AFM 

The AFM tip is a couple of microns long and often less than 10 nm in diameter at 
the point of the tip. It is attached to the free end of a cantilever, which is typically 
100 to 200 um long [80]. While the tip is scanned over the surface by piezo trans- 
ducers, the tip-sample interactions change the deflection or the resonance of the 
cantilever and can be measured. e.g. by laser beam deflection with a photo-detector. 
In static mode the bending of the cantilever is a measure for the interaction with 
the surface. In dynamic mode the amplitude, frequency and phase of the oscillat- 
ing cantilever respond to the tip-sample interaction. A shift of resonance frequency, 
the damping and the bending can be measured and used to control the z-position 
of the cantilever tip. Finally, a computer generates a representative image (Fig. 
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Fig. 10.19. Schematic set-up of an AFM using the beam deflection 
method. The piezo tube scans and approaches the sample to the tip 
attached to a cantilever. The force acting on the highly flexible 
cantilever is transduced into an electronic signal via a beam deflected 
onto a four quadrant photo-detector. 


10.19). A large number of methods are commonly used to detect the cantilever 
resonance or bending – either incorporated into the cantilever, e.g. piezo-resistive, 
or external, e.g. capacitive, interferometric, beam deflection (Fig. 10.19) [81]. The 
cantilever should be soft and have a high eigenfrequency (typical cantilever proper- 
ties vary from 10 mN та“! and a few kHz resonance frequency in contact mode up 
to 100 N т! and 400 kHz in dynamic mode) [82] - both requirements being real- 
ized by its small dimensions. Cantilevers engineered for very specific applications 
(e.g. to be operated in liquid, ultrasharp tips, nanotube tips, magnetic tips) can be 
bought off-the-shelf. 


10.2[2.2 Various Operation Modes of AFM 
In vacuum, the long-range attractive van der Waals interactions as well as the 
short-range chemical forces are the predominant interaction between sample and 
tip (provided that electrostatic Coulomb interactions are carefully compensated or 
negligible and the tip is non-magnetic). The van der Waals forces are caused by the 
interaction of fluctuations in the electromagnetic field and are attractive when 
the tip approaches the surface, the chemical forces originate from Pauli-exclusion 
and nuclear-repulsion. The attraction increases until tip and sample have approxi- 
mately the distance of a chemical bond. When distance between tip and surface is 
further decreased the interaction becomes repulsive‘? (for more details see [83]). 
The different force ranges define the operation modes of the AFM. In contact 
mode, the repulsive chemical force is predominant. In the dynamic mode, the 
oscillation amplitude can be wider than the force potential displayed in Fig. 10.20. 
The interactions thus must be integrated over the oscillation cycle [84, 85]. 


42) Even with a very stiff cantilever, the distance strong repulsive forces – the surface would 
between tip and sample cannot be decreased rather deform. 
below a few tenths of a nanometer due to the 
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Fig. 10.20. The different force regimes to operate an AFM. 


When the dynamic mode is applied in the non-contact regime (typically in vac- 
uum), the attractive forces dominate." When the dynamic mode is applied in the 
intermittent regime (typically in air or liquids) repulsive forces are the predomi- 
nant interaction. 


Static Mode in Contact Regime In contact mode, a cantilever with a low spring 
constant“ is employed allowing a so-called soft contact between tip and surface 
with a contact area of typically several nanometers in diameter. This contact forces 
the cantilever to trace the surface topography when scanned over the surface. Sim- 
ilar to STM (which measures a surface of constant tunneling probability), the can- 
tilever actually measures a surface of constant repulsive force in the contact mode. 
When operated in air, a thin water film on the surface exerts an attractive force 
on the tip. Assuming a homogenous water layer, this capillary force can be looked 
upon as staying constant in a measurement. Both the attractive capillary force and 
the cantilever spring balance the repulsive chemical forces. Constant force and 
constant height images are possible. The elasticity of the surface can be measured 
by distance modulation. 

Constant force: the deflection of the cantilever is kept constant by the feedback 
circuit, which moves the scanner up and down in z-direction. In this case, an im- 
age of constant force is generated from the movement of the scanner. The advan- 
tage of this method is, that with a cantilever deflection held constant, the total force 
exerted on the sample remains constant during the measurement. This is the pre- 
ferred mode for most applications. 


43) For non-contact dynamic AFM, the cantilever end (the apex atom), repulsive forces may 
tip stays in the attractive force regime of the dominate there. 
surface. To be more specific integral over the 44) The effective spring constant holding together 
cantilever tip attractive forces dominate, the atoms of the material investigated has to 


however, considering only the front most tip be greater. 
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Fig. 10.21. (а) Friction force microscopy on an inhomogeneous 
material and (b) on steep slopes. 


Constant height: similar to the STM constant height mode the feedback is turned 
off, and the height of the scanner is fixed. This mode is preferably used on atomi- 
cally flat surfaces and in particular when high scan speeds are desirable. In con- 
stant height mode, the spatial variation of the force generates a change in the 
bending of the cantilever, which is recorded and translated into a representative 
image by the computer. 


Static Mode in Liquids In liquids, the capillary force is not present allowing a 
more straightforward interpretation of the results. Furthermore, the contact area 
is as small as a single-atom contact. Special cantilevers have to be used for the op- 
eration in liquid. When reused, those cantilevers must be carefully cleaned and are 
best kept wet until employed again. 


Lateral Force or Friction Force Microscopy (FFM) By looking at the torsion of the 
cantilever, not only vertical but also lateral forces can be detected? [86]. Lateral de- 
flections of a cantilever either arise from the surface friction (Fig. 10.21a) or from a 
steep change in slope (Fig. 10.21b). The friction signal is determined by subtract- 
ing the mean signal in the reverse direction from the mean signal in the forward 
direction and multiplying the result by one half. By comparing both a regular im- 
age and a friction image, much insight can be gained on liquid crystal molecules 
[87], self-assembled monolayers [88], material contamination and oxidation, etc. 
[89]. 


Dynamic Mode in Non-Contact Regime In the non-contact mode, the cantilever is 
held within a 0.5 to a few nm distance of the surface and the cantilever is oscil- 
lated. Here, the tip only exerts a very low force on the sample (10-1 N up to 107? 
N). The large distance between tip and sample is advantageous for studying soft 
and elastic materials. Furthermore, the probability for contamination originating 
from the tip is reduced. 

The cantilever is operated at its resonance frequency (several hundred kHz) with 
amplitudes ranging from a few nm to 100 nm. The resonance frequency of the 


45) An AFM equipped with a beam deflection detector, which is able to discriminate 
monitoring of the cantilever bending, between up and down and torsional 
typically uses a four quadrant sensitive photo movement the cantilever. 


10.2 How do Scanning Probe Microscopes Work? 


cantilever varies with the square root of its spring constant, which in turn depends 
on the force gradient (the derivative of the force/distance curve) and therefore 
strongly depends on the tip-sample distance. 

The scanner is moved up and down in z-direction during the scan, in order to 
keep the resonance frequency constant. Similarly to the constant force mode in 
contact mode a surface of constant force gradient? is measured. The computer 
generates image as a function of the motion of the scanner. 

Non-contact AFM is performed in liquid, under vacuum and in air [90]. In the 
non-contact regime, the water film present on a sample in air will typically not be 
penetrated. If for a particular sample this is a problem, and contact mode also hap- 
pens to be a problem (for example: a soft sample could be damaged by a dragging 
tip) then a tapping mode operation of the cantilever in the intermittent regime may 
be the best choice. 


Dynamic (or Tapping) Mode in Intermittent Regime 

In the intermittent regime, an oscillating cantilever is operated closer to the sam- 
ple surface than in non-contact mode. Typically, the cantilever exerts strong repul- 
sive forces at its closest position to the surface — so this mode received the name 
tapping mode (it seems that the cantilever taps on the sample). Herein, too, the 
cantilever oscillation is affected by the sample surface, and topography images can 
be generated as described above. Especially when large areas are scanned and for 
applications, where both contact and non-contact AFM have limitations, tapping 
mode operation is the method of choice. 

Reinhoudt and co-workers [91] have unraveled the nanostructure of a supra- 
molecular assembly of hydrogen-bonded tetrarosettes on graphite"? in a tapping 
mode AFM study. They obtained the high resolution by thermally equilibrating 
their instrument over a period of 1 to 2 days in a contact mode operation before 
turning to a tapping mode operation. 


10.2.23 Single Molecule Force Spectroscopy – Force-Distance Measurements 
Measuring the force as a function of tip-sample distance can yield information on 
the elasticity of individual supermolecules, on conformational transitions (e.g. of 
proteins), on the mechanical stability of chemical bonds and secondary structures, 
as well as of the desorption of the molecules from the solid substrate [82, 92—94]. 
Moreover, information on the chemical bond formation of the tip cluster with a 
particular bonding site on the sample surface can be obtained [95]. 

The forces acting between the molecule and the tip are caused by interactions 
with the tip apex atom“) and the mesoscopic part of the tip. The latter contribu- 


46) Strictly speaking this is only true in the limit repulsion, steric hindrance, and at somewhat 
of low amplitudes, otherwise the forces need larger distances: attractive van der Waals 
to be integrated over the oscillation period. interactions as well as chemical bonding 

47) (tetramelamine);/(5,5-diethyl barbituric interactions. 
acid) 12. 49) Of course, magnetic interactions are only 

48) The main contributions on the tip apex atom detectable, when tip and sample consist of 
are the short range repulsive chemical magnetic materials or are coated with 


interactions: Pauli exclusion, nuclear magnetic layers. 
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Fig. 10.22. Top: Cantilever movement while obtaining a force distance 
curve (top). Bottom: Schematic of force versus cantilever displacement 
(distance) for a tip attached to a soft cantilever approaching (and 
being retracted from) a hard surface. 


tions arise from the long range van der Waals forces and electrostatic, magnetic, 
capillary forces (in air, when a water film is present). Since the forces on the meso- 
scopic part of the tip are in many cases considered an undesired background, they 
are reduced by using a tip that is as sharp as possible. For avoiding the influence of 
capillary forces, performing the force versus tip-sample distance measurements in 
ultrahigh vacuum can help. A well-known way to reduce long range forces is to 
perform the measurements with the entire tip submerged in a liquid, because 
then the capillary force is absent and the liquid may compensate some of the 
long-range van der Waals forces acting on the mesoscopic part of the tip. 

Figure 10.22 serves as instructive example to understand how a tip attached to 
a soft cantilever interacts with a hard surface. At the top of Fig. 10.22 the cantilever 
tip and surface are drawn schematically (cases A to E), the force between the tip 
and the surface, measured by the cantilever deflection, is displayed in the graph 
below. 

When approaching the surface with the tip (A), the tip experiences an attractive 
force gradient” larger than the cantilever stiffness, it snaps to the surface by bend- 
ing the cantilever (B). The AFM tip moves closer to the surface, the attractive forces 
between tip and sample become smaller. As the tip is approached further, the 
forces can even become repulsive (C). When the cantilever is then retrieved (D), 


50) Note that the interaction between tip and 51) Deviations from a slope of —1 can be 
surface can also be repulsive, for example if attributed to the elastic properties of the 
tip and/or surface are electrically charged. surface. 
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the deflection recovers and even changes sign because the cantilever sticks to the 
surface, until the restoring force resulting from the bending exceeds this binding 
force and the cantilever snaps out of contact in a characteristic hysteretic motion (E). 

When a large molecule, for example a protein, is bound to the tip with one end, 
and to the sample with another end, this process can be used for study of the elas- 
ticity and chemical bonding configuration of the protein. Typically, force versus 
piezo displacement (distance) is then recorded during retrieving the tip. Depend- 
ing on the elasticity and involved processes (secondary folding) the curve part be- 
tween the marked cases A and B as well as D and E in figure D has many more 
features. Particularly, when single molecules are studied “зпар-ш” and “зпар- 
out" processes are observed seldom,” rather the elastic properties and conforma- 
tional unfolding dominate the obtained curve, which ends with a rupture event. 

Since molecular unbinding /unfolding processes are of stochastic nature, rupture 
forces from many rupture events (typically several hundreds) are compiled in a his- 
togram and multiple curves are plotted. The results can be interpreted e.g. by ther- 
mal activation of the rupture [93]. The use of AFM in force distance measurements 
has emerged from the study of biopolymers and was applied to the field of chem- 
istry several years ago [82]. However, its specific application to the field of supra- 
molecular chemistry is relatively new. 

Anselmetti and co-workers have investigated a resorc-[4]arene host-guest system 
with force-distance spectroscopy (Fig. 10.23) [96]. While the calixarene hosts were 
attached to a gold surface, ammonium, trimethyl ammonium and triethyl ammo- 
nium acted as guests. The guests were attached with a PEG polymer to the AFM 
tip. The stretching of the PEG polymer before the rupture event can be explained 
treating the polymer as a wormlike elastic chain. The polymer stretching served 
to discriminate real single binding events from unspecific adhesion. The single- 
molecule kinetic reaction rates obtained in this way are consistent with the ex- 
pected nature host-guest interaction of a moderate-affinity between the calixarene 
and the ammonium hosts. 


10.3 
Which Molecules can be Studied? 


STM research initially looked at adsorbates (atoms, small gas molecules, small 
clusters) on terraces of single crystalline metal substrates [97, 98]. So it is not sur- 
prising, that it had been thought that molecules should be compact, flat and small 
in order to be suitable for being studied with scanning tunneling microscopy. 


52) The snap-in and snap-out processes occur energy landscape between the two stable 
only because the stiffness (i.e. the second states of the tip-sample contact remains 
z-derivative of the chemical bonding unknown. This can in some cases be avoided 
interaction) of the chemical bond is superior by using stiffer cantilevers and/or (when 
to that of the cantilever. If such processes imaging is performed) by oscillating the tip, 
occur, the chemical bonding interaction ie. in the non-contact mode. 


cannot be mapped continuously, because the 
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Fig. 10.23. Force versus distance when pulling a host molecule 
attached via a PEG linker to the AFM-tip from a cavitant. Around a 
piezo displacement of 38 nm a rupture event occurs, before that the 
PEG polymer stretches. (Reprinted in parts from [96] with permission 
of Wiley, VCH, copyright 2005.) 


However, large and floppy molecules have since studied with high resolution, 
provided the interaction with the substrate or neighboring molecules (in a self- 
assembled or self-organized monolayer) is strong enough to prevent that the mole- 
cules are moved under the tip during the investigation (examples see below and 
section 10.4). The STM has the restriction that tunneling electrons should be able 
to travel through molecule and substrate, hence both should be at least weakly con- 
ducting. The resolution of molecules can be enhanced by studying molecules with 
STM on top of a few layers of oxide [51], on an otherwise electrically conducting 
substrate [61]. Of course, with AFM, molecular selforganization even on thick 
insulators can be studied [99, 100]. Large bio-molecules have predominantly been 
studied with AFM in the past [10, 101, 102]. However, recent results with STM on 
DNA show excellent resolution as well [103]. 


10.3.1 
Differences between STM and AFM 


Usually, AFM is the method of choice to gain a fast large scale overview on a 
sample. The operation mode should be carefully chosen according to the criteria 
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mentioned above. It may be desirable to avoid the capillary force originating from 
the water film in air (see discussion above) by measuring in liquid or in ultrahigh 
vacuum. On smaller molecules high resolution images have been obtained with 
non-contact AFM under ultrahigh vacuum conditions [99, 100, 104—107]. AFM in 
liquid and UHV-AFM usually require operation by an expert because the methods 
are either technically challenging or demand extensive experience. It is important 
to recall, that the AFM measures the force between (ideally the apex atom of) the 
AFM tip and the molecules on the surfaces (van der Waals, chemical, electrostatic 
and magnetic forces)”. 

Typically, STM is the method of choice to receive high resolution images and 
to gain insight into the electronic structure of molecules on conductive'? sub- 
strates. STM data depend on the electronic interaction of the molecule with the 
substrate and therefore require a careful choice and preparation of the substrate. 
For STM, it is relevant how well different parts of the molecule allow current pas- 
sage to the substrate. For example, the middle part of a molecule standing on legs 
may show no contrast in an image, despite offering many electronic states, because 
the current will solely pass through the legs of the molecule e.g. a porphyrin 
molecule [108]. When all parameters are finally optimized, the sharpness of the 
STM tip is responsible for the obtained resolution. Particularly good resolution 
can be obtained with low tunneling currents (see footnote 20) and/or at low 
temperatures, again both technically challenging and demanding experienced 
users. 


10.3.2 
Exemplary Results on Smaller Molecules 


Manifold self-organized and self-assembled mono- and multilayers of smaller mol- 
ecules have been reported in literature, to name some examples: multiple struc- 
tured monolayers of iodobenzene™ [109], multilayers of perylene molecules” [110], 
mulitilayer and monolayers of dialkylamino hydroxylated squaraines” [111], 
monolayers employing marker groups [112], and self-assembled monolayers of 
thiolate bound molecules [113, 114]. 

Within organized monolayers, segregation in domains of different conformers 
[115], segregation in rows of different structure [116], dislocations and defects 
[117] as well as chirality as emergent property of self-organized layers [118-122] 


53) The capillary force resulting from the water tors, and oxides on metal surfaces (maximum 
film always present in air belongs also in this 3 layers). 
listing of forces. However, it is generally an 55) organic molecular beam epitaxy (OMBE) onto 
unwanted interaction, because the interaction Cu(110) at 55 K in ultrahigh vacuum; studied 
is not reflecting the molecular or surface with low temperature STM. 
properties. 56) organic molecular beam expitaxy (OMBE) on 
54) As discussed above: the underlying substrate Cu(110) in ultrahigh vacuum. 


has to be at least weakly conducting; suitable 57) in phenyloctane on highly oriented pyrolytic 
are metals, semi metals, doped semiconduc- graphite (HOPG). 
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have been observed with SPM methods. STM has also been used to study dynamic 
effects e.g. rotations [123], hindered rotations [124], conductance [125] and confor- 
mational switching of molecules [126, 115] or dynamic reconfiguration of self- 
organized monolayers [14, 122]. 


Tutorial 6. Preparation of Molecular Adlayers 

For STM investigations, the substrates? need to have atomically flat terraces 
of the size of some hundred molecules. Several ways to deposit molecules on 
these substrates are briefly discussed here. These methods not only strongly 
differ in their technical realization, but also in the properties of the resulting 
molecular adlayers. As will be discussed below, some methods are only suit- 
able for particular classes of molecules. 

STM investigations historically started with small molecules deposited 
under controlled conditions (ultrahigh vacuum) and Langmuir-Blodgett films 
studied in air. AFM investigations of bio-molecules were first performed with 
the tip submerged in liquid. 

Thermal evaporation? (Fig. 10.24a) and organic molecular beam epitaxy 


(OMBE)™ [127] allow monomers (dimers, trimers, ...) of typically uncharged 
molecules on surfaces, having a sublimation temperature in a suitable range 


Fig. 10.24. Simplified schematics illustrating some deposition 
techniques: (a) thermal evaporation; (b) stamping; (c) liquid-solid 
interface; (d) electro-chemistry set-up; (e) Langmuir-Blodgett 
technique; (f) electro-spray deposition; (g) pulse injection method; 
(h) solution casting; (i) spin-coating. 
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Tutorial 6 (continued) 


ie. between room temperature and 700 °C. Deposition is possible on heated 
or cooled substrates. Often an ordering of the molecules depends on careful 
heat curing after the deposition. This method is particularly suited for ultra- 
high vacuum application. However, this method can lead to decomposition of 
larger molecules, hence it is rarely applied to study supramolecular adsorbates. 

Stamping (Fig. 10.24b) or dry contact transfer (DCT) is an alternative to de- 
posit large fragile molecules directly under ultrahigh vacuum conditions (re- 
lated methods performed in air: microcontact printing (wCP) [128] and dip- 
pen nanolithography (DPN) [129, 130]). The molecules are physisorbed on a 
flexible stamp, e.g. a fiberglass sheath, which is degassed in ultrahigh vac- 
uum and then manipulated into direct contact with the substrate in order to 
deposit some molecules onto the sample surface [131]. The molecules should 
have a greater adhesion to the substrate than to the stamp. In a thermal an- 
nealing step, a molecular order can be initiated (typically in sub monolayer 
coverage). 

The liquid—solid interface (Fig. 10.24c) can directly be investigated operating 
the tip submerged in liquid [59]. This important method was already intro- 
duced in the above section "operation modes of STM”. Additionally, an elec- 
tric potential can be applied to the surface: bio-molecules successfully 2-D 
crystallized and imaged with AFM on mica in a pH-controlled surrounding 
buffer [31]. 

Even more sophisticated: 

Electro-chemical environment (Fig. 10.24d) [132, 28], combine an electro- 
chemistry set-up (electrode, counter-electrode — not shown in the schematic 
drawing — and reference electrode) with the STM tip as a forth electrode. Sim- 
ilar to electro-voltammetry, the potential between the electrode (in this case 
the substrate) and the counter-electrode can be tuned to induce molecular or- 
der. Electrochemistry tips have to be specially prepared i.e. coated (see Tuto- 
rial 5 on tips). 

In Langmuir-Blodgett deposition (Fig. 10.24e), a film of molecules (with am- 
phiphilic properties) is forced in a densely packed layer at a liquid-air inter- 
face or at a liquid-liquid (lipophilic/hydrophilic) interface. The substrate (sub- 
merged into the liquid beforehand) is pulled from the liquid to air to adsorb a 
monolayer. With this technique, the monolayer is forced into an organization 
by narrowing the organization area with movable sidewalls. The technique has 
been particular successful on molecules with liquid crystal properties [133, 87]. 

Electro-spray deposition [134, 135] (Fig. 10.24f) is commonly used in mass 
spectrometry investigations of super-molecules.? With a nozzle formed to a 
micropipette, molecules are sprayed through a hole into the vacuum with 
the help of a carrying gas. Between pipette and the hole a high voltage is ap- 
plied. The molecules are ionized and the droplets contain one to several mol- 
ecules. A geometry with a substrate slightly above the spraying axis is prefer- 
able to catch mostly small droplets carrying only a single molecule each. 
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The pulse injection method (Fig. 10.24g) uses a fast valve (open only for 
milliseconds) to inject the solvent with the molecules directly into vacuum 
onto a sample mounted approximately 100 mm under the opening [136]. The 
molecules remain uncharged and the pressure in the chamber substantially 
increases during the deposition. This method is successful even for very large 
and fragile supramolecular assemblies (see discussion below). 

Via solution casting (Fig. 10.24h) a droplet of solvent containing the mole- 
cules is deposited onto the substrate and the solvent evaporates. Typically, 
millimolar solutions are used for this method, which therefore only need 
small quantities of substance. The solvent has to be chosen not to adsorb on 
the substrate and leave enough time (prior to evaporation) to allow molecular 
organization. This method leads to reproducible results, also for supermole- 


cules. Solution casting on a heated substrate is often referred to as sizzling 
[137]. 

Spin coating (Fig. 10.24i) is a similar technique, but applied to a rotating 
substrate. The centrifugal force stretches the molecules in radial direction. 
This method is particularly useful to study polymers. The parameters to be 
optimized are the revolutions per minute and the concentration. 


58) Typical STM substrates for ambient 60) Here small heated pockets with a hole are 
conditions are: graphite (HOPG), Pt(100), used to produce a molecular beam. 
Au(111); for use in ultrahigh vacuum: 61) In order to use electro-spray on a 
Cu(111), Ag(001). ultrahigh vacuum chamber multistage 

59) The containers of the molecules are differential pumping has to be employed. 
directly or indirectly heated and manifold The pressure inside an UHV chamber is 
forms are employed: crucibles, boots, a factor 1000 to 10000 lower than in a 
coils ier conventional mass spectrometer. 





10.4 
What Results have been Obtained in the Field of Supramolecular Chemistry? 


Here, further exemplary results are given to illustrate the diverse approaches to 
study supramolecular chemistry with scanning probe techniques. As mentioned 
previously, one way to study molecules is to build self-organized or self-assembled 
monolayers*? [138], but also single molecules or supermolecules as well as supra- 
molecular assemblies were studied in the past. Only some of many examples can 
be mentioned here. 


62) Two-dimensional systems possess a unique 
topological ordering — not found in either 
three- or one-dimensional systems. 


10.4 What Results have been Obtained in the Field of Supramolecular Chemistry? 


10.4.1 
Coronenes, Crown ethers, Cryptands, Macrocycles, Squares, Rectangles 


Coronenes belong to the category of flat z-orbital rich molecules, which self- 
organize well on surfaces. Some interesting supramolecular assemblies have been 
initiated around coronenes, and studied with STM. Coronene, thermally evapo- 
rated [139] onto HOPG(0001) surfaces in ultrahigh vacuum, initially forms a 
closed monolayer. When more molecules are deposited islands build on top (Stran- 
ski-Krastanov growth mode). Sub-molecular resolution images could be obtained 
of the monolayer between the islands with STM. However, it has not been possible 
to determine the boundaries of a molecule. 

Heckl and co-workers [140] incorporated coronene molecules into a molecular 
network of trimesic acid molecules. Some of the coronene molecules apparently 
rotated and single ones could be removed with an STM tip operated at the liquid- 
solid interface. The authors report that coronone molecules alone do not self- 
organize in heptanoic acid on graphite – the support of the trimesic acid molecule 
network is necessary. 

For the organization of coronene in heptanoic acid, the substrate material and/ 
or preparation procedure apparently matters: Hipps and co-workers [141] inves- 
tigated supramolecular assemblies of coronene with alkaline acids (hexanoic, 
heptanoic and octanoic) with STM also at the liquid-solid interface. While the 
dipole-dipole interactions produce bi-layers of one coronene molecule, which are 
surrounded by 12 acid molecules in the case of hexanoic and heptanoic acid, in 
octanoic acid, on the other hand, no solvent molecules are present in the coronene 
monolayer. 

Crown ethers: Due to their inclusion capability, crown ether molecules are inter- 
esting hosts. Some detailed insights into the adsorption of crown ethers on sur- 
faces as well as its inclusion of hosts have been already obtained in STM studies. 

Phthalocyanines functionalized with four benzocrown ether rings disubstituted 
with enantionmerically pure (S)-3,7-dimethyloctyl chains have been studied at the 
gel-graphite interface with STM [142]. The molecules arrange “асе-оп” (in hexag- 
onal closed packing). In co-existence to this surface arrangement also z—z stacked 
lamellae (molecules adsorbed “edge-on” graphite) were characterized. By appro- 
priate tuning of the tunneling parameters (raising the tunneling current and de- 
creasing the voltage) structural rearrangement from the face-on to the “edge-on” 
lamellae structure can be induced. 

Adlayers of metal free and preformed potassium complexes of dibenzo-18-crown- 
6-ether molecules (organized on a Au(111) surface under potential control) were in- 
situ imaged with STM [143]. The potassium ion appeared as ball shaped protru- 
sion in the inclusion complex. 

Itaya and co-workers [144] self-organized 15-crown-5-ether-substituted cobalt(II) 
phthalocyanines by immersing Au(111) or Au(100) substrates into benzene-ethanol 
(9:1 v/v) solutions of the molecules. After transferring into aqueous HClO, 
solution the authors studied the inclusion of Ca?* with STM (Ca concentration 
1 mM). Interestingly, the crystalline phase of the substrate mattered: Calcium was 
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only encapsulated in the molecules on the Au(111) surface and not on the Au(100) 
surface. 

Single tetralactam macrocycles on Au(111) surfaces apparently only build disor- 
dered closed films, and clustering at step edges and surface defect sites occurs [145]. 

Monolayers of cyclothiophene macrocycles have been observed to form a complex 
with Со molecules, when studied with STM at a 1,2,4-trichlorobenzene solution/ 
graphite interface [13]. 

Cryptants are three dimensional "crown ether” like molecules suited for inclu- 
sion complexes. Stievenard and co-workers [146] made an attempt to study nano- 
clusters of iso-hexa-imino cryptand molecules deposited by solution casting in 
chloroform on HOPG surfaces with STM and infrared spectroscopy. 

Square and rectangular like metalo-supramolecular macrocycles are widely 
studied in supra molecular chemistry; some can be imaged with STM. If a molec- 
ular square organizes with “edge-on” or “Ғасе-оп” to a substrate delicately depends 
on the balance between the molecule-molecule and molecule-substrate interaction 
forces. On a graphite surface in a dry environment (prepared with solution casting) 
supramolecular [Pt(dppp)(4,4’-bpy)]4-(CF3SO3)g (Бру = bipyridine) squares (Fig. 
10.25a) form a lamellar, stacked structure which can be imaged with STM in 
a high-lateral resolution [147]. On a charged copper surface in an electrochemi- 
cal STM cell, Broekmann and co-workers [147] have constructed a template of 
chloride ions on top of the Cu surface thereby forcing [| Pt(ethylenediamnene)(4,4’- 
bpy)]4(NO3)g macrocycles (Fig. 10.25b) to lie flat. 

Metalo-supramolecular rectangles cyclobis[(1,8 bis(trans-Pt(PEt;);Janthracene)- 
(1,4"-bis(4-ethynylpyridyl)benzene|(PFc), (Fig. 10.25c) self-organize on graphite 
and on an Au(111) surface in an electrochemical cell. It has been observed that 
single rectangles stand “edge-on” (with their long edge) on the underlying HOPG 
surface, while on a Au(111) surface, the macrocycles lie flat (‘‘face-on’’) [148]. 

Supramolecular rectangles (1,8-Bis(trans-Pt(PEt;);Janthracene)(4,4"-bpy)]|;(PFc)4 
(Fig. 10.254) and (the above studied) [147] squares [Pt(dppp)(4,4’-bpy)]4(CF3SO3)s 
(Fig. 10.25a) form adlayers on Au(111) surfaces with the rectangles/squares lying 
flat – the squares can be studied in submolecular resolution [149]. 

Obeying a topologically similar structure, calixarenes and cyclodextrines are 
generally smaller and show a greater shape persistency; they are discussed 
subsequently. 





Fig. 10.25. Structural formulae of the (a) [Pt(dppp) (4,4"-bpy)]4- 
(CF3SO3)g (Бру = bipyridine) [147]; (b) [Pt(ethylenediamnene)- 
(4,4"-bpy)]4 (NOs)a [147]; (c) cyclobis[(1,8bis (trans-Pt(PEts)2)anthracene)- 
(1,4"-bis (4-ethynylpyridyl) benzene] (PF6)4 [148]; (d) (1,8-Bis(trans- 
Pt(PEts);) anthracene) (4,4’-bpy)] 2(PFe)4 [149]; (e) porphyrin boxes 
(cyclic tetramers of zinc porphyrin-5-tetrapyridylporphyrin) [160]. 
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10.4.2 
Calixarenes, Cyclodextrins, Molecular Sieves and Boxes 


The potential applications of calixarenes range from molecular hosts for sensor 
techniques and medical diagnostics, use in decontamination of wastewater, con- 
struction of artificial enzymes, new materials for nonlinear optics to sieve mem- 
branes with molecular pores. 

Early reports оп AFM studies on calix[4]resorcinarene and calix[4]arene sulfide 
molecules [150, 151], suggested, that the calixarenes self-organize in monolayers 
on Au(111) surfaces, however, they did not identify a molecular ordering. 

Bai and co-workes reported a series of STM studies on various types of calixar- 
enes on graphite and Au(111) surfaces. Initially, they included p-tert-butylcalix[8]- 
arene in between domains of octa-alkoxyl-substituted phthalocyanine (PcOCg) 
monolayers” on graphite [152]. The adsorption™ of calix[4]arene (lower rim: ОН) 
on (111) facets of Au-beads® lead to an “edge-on” geometry of calixarene dimers 
with the lower rim pointing towards lower rim (Fig. 10.26a) [153]. 

On the other hand, deposition of calix[4]arene (lower rim: propyl, upper rim: 
COOH) again on (111) facets of Au-beads — this time under potential control – 
resulted in presumably “face-up” (upright) adsorbed monolayers (Fig. 10.26b) 
[154]. 

Calix|8|arene ОВОСМС8 (Cio4H455024) and the inclusion complex C60/ 
OBOCMCS, both adsorbed™ “face-up” on the (111) facets of Au-beads (Fig. 
10.26c) [155]. 

Langlais et al. [156] deposited calixarenes on (1x2) reconstructed surfaces [60] of 
Au(110) by organic molecular beam epitaxy (OMBE) in ultrahigh vacuum. The 
molecules interact so strongly with the substrate that the original (1x2) missing 
row structure of Au(110) transforms into a (1x3) structure with troughs of [111]- 
facets. The calix[4]arenes fill the troughs in the reconstruction with two opposite 
phenols groups bound to the [111]-facets. 

The above listed examples illustrate that calixarene adsorption and organization 
in monolayers not only depends on the type of surface, but also on the preparation 
and measurement conditions. The cyclodextrins discussed below even form 
nanotube-like chains. 

Single molecule force spectroscopy was used to measure the inclusion of a guest 
into a calixarene host molecule, which served as example in the paragraph on sin- 
gle molecule force spectroscopy in this chapter (see Fig. 10.23) [96]. 


63) both molecules (in 1:1 ratio) were deposited flame formed the single-crystal beads of Au; 
via solution casting in 1mM toluene. (111) facets on them were used for the STM 
64) in liquid STM in 0.1 M HCIO,; The tips were studies. 
prepared from electrochemically etched W 66) A saturated solution of OBOCMCS and C60/ 


wire (0.25 mm in diameter) in 0.6 M KOH. OBOCMCS was prepared in ultra pure 

The side wall of the tip was sealed with HCIO, solution (0.1 M) and deionized water. 

transparent nail polish to minimize the The authors deaerated the solutions with 

faradaic current. high-purity nitrogen before carrying out the 
65) Crystallization of a molten ball formed at the experiments. 


end of a pure Au wire in a hydrogen-oxygen 
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Fig. 10.26. Proposed models for (a) calix[4]arene (lower rim: OH) 
dimers in “edge on" — with the lower rim pointing towards lower rim — 
adsorption. (Reprinted from [153], Copyright (2002), with permission 
from Elsevier); (b) сайх[4]агепе (lower rim: propyl, upper rim: COOH) 
in “face up" (upright) adsorption. (Reprinted in parts with permission 
from [154]. Copyright 2003 American Chemical Society); (c) C60/ 
Calix[8]arene OBOCMCS inclusion complexes again adsorbed upright 
standing. (Reprinted in parts from [155] with permission of the authors 
and Wiley, VCH, copyright 2003). All molecules imaged at the solution 
interface to the (111) facets of Au-beads. 


Cyclodextrin is a well-known non-aromatic host molecule, which serves not only 
in host-guest chemistry but also in supramolecular chemistry as a component of 
the topochemical molecular architecture along with rotaxane and polyrotaxanes. 


67) Au(111) facets formed on a single crystal bead filled with 10-mM NaClO, aqueous solution 


were produced by annealing Au wire in a containing /-cyclodextrin in a typically 2.0 им 
H2—O) flame to form a droplet, which was concentration. Order was obtained by 
quenched in pure water saturated with H2. potential control (see text). 


The bead was transferred into a STM cell 
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The formation of nanotube like cyclodextrin chains as a function of the applied 
potential has been studied by Kunitake and co-workers with STM” [157]. Up to a 
potential of —0.6 V relative to a saturated calomel electrode (SCE) the chains do not 
adsorb, between —0.6 and —0.2 V the nanotube like cyclodextrin chains are formed, 
above —0.2 V only disordered adlayers are observed. 

An example of a STM manipulation on a fi-cyclodextrin necklace has been given 
above (see Fig. 10.13) [75]. In further studies the same group further clarified the 
intramolecular structure of the cyclodextrin polymer necklace? with STM [158]. 
“Head-to-head” ("tail-to-tail") to “head-to-tail” arrangement of the cyclodextrin 
molecules were observed in the ratio (8:2). 

Carbon molecular sieves have been prepared of active carbon precursors with 
chemical vapor deposited (CVD) amorphous carbon. Villar-Rodil and co-workers 
[159] employed STM to visualize the changes brought about by the CVD treatment 
on the pore mouth structure. They used STM as extremely surface-sensitive tech- 
nique, since the CVD treatments are supposed to modify only the pore entrances. 

Selforganized porphyrin boxes (cyclic tetramers of zinc porphyrin-5-tetra- 
pyridylporphyrin) (Fig. 10.25e) have been imaged with STM at the liquid-solid 
interface between Phenyloctane-CHCl; and HOPG. A porphyrin box appeared аз 
single protrusion in a regular pattern with four-fold symmetry. Apparently, the 
Zn-porphyrin located in the cyclic ring adsorb “edge-on” on the graphite in opti- 
mal interaction with Zn-porphyrins of neighboring porphyrin boxes leaving an 
open “‘face-on’’-adsorbed tetrapyridylprophyrin template [160]. 

The multifold application of porphyrins in supramolecular chemistry suggests to 
a closer look at the SPM studies of this molecule, before more complex intercon- 
nected supermolecules are discussed. 


10.4.3 
Porphyrins and Phorphyrin Oligomers 


A STM study [108] on vacuum deposited Cu-tetra[3,5 di-t-butylphenyl] porphyrin 
molecules on Au(110), Ag(110) and Cu(100) served as example in the discussion 
previously on differences between AFM and STM. Depending on the substrate 
the porphyrin molecules took different conformations, however, solely the legs of 
this porphyrin molecule have been visible in the STM measurements. 

Itaya and co-workers investigated 5,10,15,20-tetrakis( N-methylpyridinium-4-yl)- 
21H,23H-porphine (TMPyP) on bare Au(111), Iodine-Au(111) [161] and Sulfur- 
Au(111) [162] with STM” under potential control. 


68) o-cyclodextrins (CyD) in 0.1 M NaOH were 69) Also here, the tunnelling tip was prepared 


cast dropwise onto freshly cleaved MoS; from an electrochemically etched W wire with 
substrates and dried in air at room tempera- its side wall sealed with transparent nail 

ture, and then STM was performed under polish. The tip was previously soaked in the 
ambient conditions. The concentration of CyD electrolyte solution for several hours to 
necklaces was sufficiently diluted to enable remove soluble contaminants before STM 


observation of an isolated chain of + Сурв. measurements started. 


10.4 What Results have been Obtained in the Field of Supramolecular Chemistry? 


On bare Au(111) [161]: after injection of a dilute aqueous solution of TMPyP di- 
rectly into the STM cell under potential control at 0.8 V (versus a reversible hydro- 
gen electrode (RHE)) immediately spots appeared and covered the surface. 

On Iodine-Au(111) [161]: a centered rectangular c(p x \/3R-30°) phase and a 
rotated hexagonal phase has been found depending on the potential.” Again 
atomic resolution was achieved on the iodine adlayer, and then TMPyP was in- 
jected.”” With time the iodine adlayer blurred and adsorbed TMPyP molecules 
became visible in STM images, in several ordered structures depending on the 
applied potential. 

On S-Au(111) [162]: The STM image indicates that the sulphur adlayer (without 
ТМРУР) obeys a (v3 x /3)R30° structure and after injection of TmPyP shows 
a highly ordered adlayer” of TMPyP molecules showing a reduced mobility com- 
pared to on iodine-Au(111). 

Bai and co-workers [163] have investigated hydrogen bonded networks of 
5,10,15,20-tetrakis (4-carboxyphenyl)-21H,23H-porphyrin (TCPP) on HOPG” with 
STM. TCPP molecules alone did not lead to an observable molecular substructure, 
however, when co-adsorbed with stearic acid sub-molecular resolution could be ob- 
tained in the domains of the 2-D networks, the structure of which differed from 
the structure of 3-D bulk crystals of TCPP. 

Shimizu and co-workers [164] have achieved molecular resolution on 5,10,15,20- 
tetra(4-octacyloxyphenyl)porphyrins (CjgOPP) and Rh(C;gOPP) mixtures (ratio 1:9) 
with STM at the liquid—solid interface of phenyloctane and graphite. 

Jung and co-workers investigated both (a) the interaction of diporphyrins (3,5- 
di(tert-butyl)phenyl substituents) with Се, molecules on Ag(111) surfaces [165]; 
and (b) single copper-octaethyl porphyrins on top of thin NaCl islands on metals 
[166] with STM at room temperature in ultrahigh vacuum.” In the latter case, the 
electronic structure of the porphyrin was different on the metal surfaces when 
compared to that on thin layers of NaCl. 


70) The centred rectangular c( p x \/3R-30°) min after the TMPyP solution was added, 
phase was found with in situ STM and ex situ small ordered domains with a square shape 
with LEED in 0.1 M HCIO, (without TMPyP) were found on atomically flat terraces. The 
in the potential range between 0.5 and 1.2 V domains increased in size with increasing 
vs. RHE. The rotated hexagonal phase immersion time. After 30 min, the S-Au(111) 
appeared at potentials more positive than 1.3 surface is almost covered by a highly ordered 
V vs. RHE. ТМРУР adlayer (still with several defects of 

71) After achieving atomic resolution on the the molecular size). The surface mobility of 
iodine adlayer, again TMPyP was injected the adsorbed TMPyP molecules is reported to 
under potential control. Within the first few be slower than on the I-Au(111). 
minutes no significant changes were observed 73) The adlayers TCPP:stearic acid (1:3) were 
with only the iodine adlayer structure being prepared by solution casting in toluene (<1 
resolved (more see text). mM concentration) and investigated under 

72) The (УЗ x V3)R30° structure is observed in ambient conditions. 

a potential range between 0.2 and 1.1 V vs. 74) The molecules were deposited with OMBE, 
RHE. After observation of the S adlayer, NaCl was sublimed from a boron-nitride 
again, a few droplets of TMPyP solution were crucible. 


added to 0.01 M HCIO,. Approximately 5-10 
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Tanaka and co-workers have been able to bring (a) single molecule sheet like por- 
phyrin oligomers (Cy244H1350Ng4Niz0Ogg) [167] and (b) porphyrine macrocycles 
(ferrocine bridged trisporphyrin – 10mer) [168] into ultrahigh vacuum by pulse in- 
jection on Cu(100) and Au(111), respectively. The macrocyle and the oligomer 
could be imaged in sub-molecular resolution with STM (the macrocyle at 77 K). 

As mentioned, studies on complex interconnected supermolecules are now 
exemplarily discussed. 


10.4.4 
Complex Interconnected Supermolecules: Rotaxanes and Catenanes 


Expected limitations of the miniaturization of silicon based electronics (top-down 
approach) have led to various attempts to build electronic devices with components 
of molecular scale (in a bottom-up approach) [169], in particular with complex 
interconnected supermolecules such as rotaxanes or catenanes [170, 171]. 

Stoddart and co-workers have developed molecular switch tunnel junctions [172] 
based on a [2]rotaxane, sandwiched between silicon and metallic electrodes. The 
rotaxane bears a cyclophane that shuttles along the molecular string toward the 
electrode and back again driven by an electrochemical translation. They used elec- 
trochemical measurements at various temperatures [173] to quantify the switching 
process of molecules not only in solution, but also in self-assembled monolayers 
and in a polymer electrolyte gel. Independent of the environment (solution, self- 
assembled monolayer or solid-state polymer gel) but also of the molecular 
structure — rotaxane or catenane — a single and generic switching mechanism is ob- 
served for all bistable molecules [173]. 

Rabe and co-workers [174] have self-organized and imaged [2]catenanes consist- 
ing of two 87-membered rings on a graphite surface at the liquid—solid interface. 
Not all types of catenanes self-organized; it was important, that the catenanes had 
enough flexibility for adopting a conformation, allowing interaction with the sub- 
strate and, on the other hand, leaving enough confinement, so that a loss in entropy 
upon assembling on a surface will not override the gain in enthalpy. 


10.4.5 
Supramolecular Assemblies, Grids, Arrays, Chains 


M. Moller and co-workers [175] studied ordered arrays of [2x2]-grid-type Fell 
complexes with STM at the liquid-solid interface of 1,2,4-trichlorobenzene (satu- 
rated solution) and graphite (HOPG grade). They observed “асе-оп” (Figs. 10.27a 
and 10.27b) and “edge-on” adsorption of the grid and claim, that particularly the 
alkane-chain substitution enhanced the organization on the surface and thus im- 
proved the resolution of the STM images. 

A diluted solution of [2x2] grid-type-4,6-bis(2’,2”-bipyridyl-6-yl)pyrimidine- 
Co(II) complexes (solvent: acetone) has been cast on graphite (HOPG-grade) and 
investigated again by M. МӧПег and co-workers with STM [176]. The authors 
report that neither the Langmuir-Blodgett technique nor assembly at the air-water 


10.4 What Results have been Obtained in the Field of Supramolecular Chemistry? 


(b) 





Fig. 10.27. (a) STM image [175] of an array of [2x2]-grid-type Fell 
complexes (at the liquid-solid interface of 1,2,4-trichlorobenzene and 
graphite); (b) model of the structure: marked with “chains” are alkane 
chains lying on top of each other and thus leading to higher contrast in 
the STM image. (Reprinted in parts from [175] with permission of 
Wiley, VCH); (c) low temperature STM image [178] of a PHT polymer 
chain on Cu(111) (deposited by pulse injection into the UHV). 
(Reproduced from [178] with permission of JCS, copyright 2002). 


interface lead to self-organized grids. Rather preformed single grids had to care- 
fully be separated by a equilibrium sedimentation process in an analytical ultracen- 
trifuge (to separate grid clusters, which are predominantly observed) and applied 
in dilute solution. Both solution casting (applying a droplet and the solvent evapo- 
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rates) as well as dipping into a dilute solution did produce ordered arrays of the 
preformed grids. Moreover, the authors extracted single grids by applying a voltage 
pulse of —0.5 V with the STM tip. 

Lin and co-workers [177] have studied self-constructing arrays of individual 
Fe-1,2,4-benzenetricarboxylic acid (Fe-tmla) complexes on a Cu(111) substrate, pro- 
duced by OMBE deposition of precursor tmla adlayers and iron atoms in ultrahigh 
vacuum. These self-constructed metal-organic arrays (of four tmla molecules per 
one Fe atom) form large homochiral monolayers (i.e. both S and R chirality are 
found) extending laterally up to 200 nm. 

Tanaka and co-workers [178] have introduced poly(3-hexylthiophene-2,5-diyl) 
(PHT) into ultrahigh vacuum by pulse injection onto Cu(111) surfaces. With low 
temperature STM (92K) they could observe the polymer chain with high resolution 
and study details of curving and kinks in the chain (Fig. 10.27c). 

These examples have been chosen to illustrate just how manifold the applica- 
tions of scanning probe techniques are to the field of supramolecular chemistry. 
The increasing number of publications each year leads to the conclusion that we 
are probably only at the beginning of many more interesting investigations. 
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11 
The Characterization of Synthetic lon Channels 
and Pores 


Stefan Matile and Naomi Sakai 


11.1 
Introduction 


"Membrane transport is the quintessential supramolecular function." The objec- 
tive of this chapter is not to defend this statement by one of the pioneers of the 
field [1] but to provide a supramolecular chemist newly entering the field with an 
introductory guideline how to measure this function. Emphasis will be on trans- 
port by synthetic ion channels and pores [2], summarizing lessons learned during 
years of research on the topic. The term "synthetic" applies to ion channels and 
pores that are constructed from scratch with scaffolds that are not known to occur 
in nature; this covers neither the organic synthesis of biological scaffolds (e.g. 
a-helices) nor chemically or biotechnologically modified biological channels and 
pores. 

We use the terms ion channels and pores for the transport of inorganics and or- 
ganics, respectively. Ion channels and pores can mediate this transport across lipid 
bilayers without moving themselves and without disturbing the suprastructure of 
the membrane (Fig. 11.1a). Transporters that shuttle across the bilayer during 
transport are named ion carriers (Fig. 11.1b). Detergents differ from ion channels 
and pores because they disturb the suprastructure of the bilayer membrane. Differ- 
entiation between these modes of transport can be difficult because of analytical 
challenges as well as because they depend not only on suprastructures but also on 
experimental conditions (e.g. carriers and detergents can behave like ion channels 
and pores under appropriate conditions, and vice versa) [2]. Synthetic ion carriers 
have been studied in detail for decades, whereas the design of supramolecules 
that operate by the more complex endovesiculation (Fig. 11.1c) or fusion (Fig. 
11.1d) remains as a future challenge. Mainly because of the enormous progress 
made in the synthesis of complex supramolecules, synthetic ion channels and 
pores can be considered as the topic of current interest in the field. 

The structural classification of synthetic ion channels and pores differentiates 
between (macro)molecules and different classes of supramolecules [2]. Unimolec- 
ular synthetic ion channels and pores are usually hollow, often helical (macro)mol- 
ecules that are long enough to span common lipid bilayer membranes (2-4 nm). 
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Fig. 11.1. Transport of ions and molecules (filled circles) across lipid 
bilayer membranes (grey) by (a) ion channels and pores; (b) carriers; 
(c) endovesiculators and (d) fusogens (empty black symbols). 








fT ет 
unimolecular barrel-stave barrel-hoop barrel-rosette micellar 
ion channel/pore supramolecular ion channels/pores 


Fig. 11.2. Structural classification of synthetic ion channels and pores. 


Virtual vertical cutting of this unimolecular "barrel" gives the "barrel-stave", hori- 
zontal cutting the "barrel-hoop", horizontal and vertical cutting the "barrel-rosette" 
motif (Fig. 11.2). More complex motifs that include modification of the lipid bi- 
layer are summarized as micellar pores. 

The barrel-stave architecture is a classic for both biological and synthetic ion 
channels and pores (Fig. 11.3). Whereas barrel-hoop motifs have received consider- 
able attention, barrel-rosette ion channels and pores are just beginning to emerge. 
The more complex micellar (or “toroidal’) ion channels and pores are, on the one 
hand, different from detergents because the micellar defects introduced into the 
lipid bilayer are only transient. Micellar pores differ, on the other hand, from 
membrane-spanning (i.e. "transmembrane") barrel-stave pores because (a) they 
disturb the bilayer suprastructure and (b) they always remain at the membrane- 
water interface. A representative synthetic barrel-stave pore is shown in Fig. 11.3 
[3, 4]; comprehensive collections of recently created structures can be found in per- 
tinent reviews [2]. 


11.2 
Methods 


Two main methods exist to characterize synthetic ion channels and pores [2]. Con- 
ductance experiments in planar or “black” lipid membranes (BLMs) reveal the 
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electric properties of the hollow interior of an ion channel or a pore [5]. Fluores- 
cence spectroscopy with labeled, usually large, unilamellar vesicles (LUVs) can pro- 
vide information on influx and efflux of ions and molecules through ion channels 
and pores as well as on their suprastructures, depending on the fluorescent probes 
used [3, 6-11]. For a supramolecular chemist entering the field, LUVs may be pref- 
erable because they do not require specialized equipment or expertise, provide a 
rapid overview on activities and are sufficient to identify most of the relevant char- 
acteristics described in Section 11.3. BLM conductance experiments require skilled 
hands and are time consuming. Moreover, the frequent occurrence of artifacts re- 
quires insightful controls and cautious data interpretation. However, BLM experi- 
ments are needed to prove the presence of an ion channel or a pore and can pro- 
vide deeper mechanistic insights than LUVs. In the following, the basic principles 
of both methods are briefly introduced before the discussion of their application to 
characterize synthetic ion channels and pores in Section 11.3. 


13:2] 
Planar Bilayer Conductance 


A conventional set-up to characterize synthetic ion channels and pores in BLMs 
uses two chambers that are filled with buffer and named cis and trans (Fig. 11.4a) 
[5]. Here, the cis chamber is arbitrarily connected to the input electrode and the 
trans chamber to a reference electrode. The BLM is formed in a tiny hole (micro- 
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Fig. 11.4. Standard configuration of a BLM experiment (a) and 
analysis of single-channel recordings (b-e). 
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meters) between cis and trans chamber. The BLM acts as an insulator. Without ion 
channels or pores, no current can flow between the two electrodes. In other words, 
phase transfer of anions X^ and cations M* in the buffer across the hydrophobic 
core of the lipid bilayer is not possible. 

Synthetic ion channels and pores can be added to either cis or trans chamber. Re- 
pulsive voltage can then be applied to drive them into the BLM between the cham- 
bers. Although not desirable and more demanding to reproduce, poor partitioning 
can be bypassed by premixing of channels/pores and lipids before BLM assembly 
in the workstation (compare Section 11.4.1). Anyway, once put in place, the current 
flowing through the synthetic ion channel or pore in the BLM is then recorded as a 
function of time. It provides insights on the electric properties of the interior of the 
functional supramolecule. 

In multichannel experiments, “macroscopic” currents flowing through an en- 
semble of synthetic ion channels and pores in the BLM are studied. The fast ion 
flux through ion channels and pores also allows for the resolution of currents flow- 
ing through single functional supramolecules. Because transport by ion carriers is 
too slow for this single-molecule resolution and detergents simply break the BLM, 
the appearance of single-molecule currents is often considered as the ultimate ex- 
perimental evidence for the existence of an ion channel or a pore. However, single- 
channel currents are not a prerequisite of ion channels [5]. 

Single-channel currents appear and disappear in a stochastic manner (Fig. 
11.4b—-e). It is important to realize that these typical on-off transitions between 
open and closed channels are conventional single-molecule phenomena that are, 
however, invisible in the average of the ensemble, that is, on the macroscopic or 
“multichannel” level. They should not be confused with the macroscopic modes 
of gating discussed in Section 11.3. 

The observation of two or more single-molecule transitions of identical magni- 
tude identifies a single ion channel or pore (Fig. 11.4c). Asymmetric repetition or 
two or more current levels of different magnitude demonstrates the co-existence of 
two or more single ion channels or pores of different active structure (Fig. 11.4d). 
This sample heterogeneity is more frequently observed with supramolecular than 
with unimolecular ion channels and pores. Time-dependent sample heterogeneity 
can indicate the presence of one or several detectable intermediates during forma- 
tion of the final pore (as in Engelman's “two-state” model [12]) [9, 12-14]. Sym- 
metric repetition of two or more current levels of different magnitude indicates 
the existence of two or more subconductance levels of a single ion channel or 
pore (Fig. 11.4e). Despite attractive possibilities including conformational changes, 
counterion effects (Section 11.3.5) and molecular recognition (Section 11.3.6), it is 
usually not possible to identify the structural origin of subconductance levels. 

Key parameters obtained from single-channel currents are the conductance g, 
the lifetime ту and the open probability P, of the single ion channel or pore (Fig. 
11.4b). The conductance g informs on the ability of channels and pores to trans- 
port ions and therefore often relates to the inner channel diameter (Section 
11.3.3). The conductance g increases usually with increasing ionic strength toward 
saturation at gmax (Section 11.3.6). The lifetime is the "average" time a single 
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channel remains open. It can be obtained from the exponential decay in the corre- 
sponding histogram. The lifetime corresponds to the kinetic stability of the func- 
tional supramolecule. Single-channel lifetimes are often in the range of millisec- 
onds but can vary from resolution limit around one millisecond to more than 
minutes. Taking the silent periods also into account, the open probability Ро, that 
is the probability to observe an open single channel, reveals the thermodynamic 
stability of the functional supramolecule. 

Failure to detect single-channel currents does not imply that the synthetic ion 
channel or pore does not exist. Moreover, occasional detection of single-channel 
currents without or even with reasonable reproducibility does not always imply 
that the synthetic ion channel or pore exists (single-molecule experiments are sen- 
sitive to artifacts, detergents like triton X-100 can produce "single-channel cur- 
rents" [2]; backup from vesicle flux experiments is always desirable). Sources of 
failure to detect single-channel currents for existing synthetic ion channels or 
pores include incorrect lipid composition of the BLM (many variables), insufficient 
partitioning into the BLM (small surface as well as often too hydrophobic synthetic 
ion channels and pores, see Section 11.4.1), inactivity at the high ionic strength 
usually used for good signal-to-noise ratio with large currents, or simply transport 
rate. Only limited information can be obtained from single-channel BLM experi- 
ments for very labile (lifetimes below 1 ms) but also for the arguably most desir- 
able inert synthetic ion channels and pores with "infinite" lifetime [2, 9]. 


11:22 
Fluorescence Spectroscopy with Labeled Vesicles 


A conventional set-up to characterize synthetic ion channels and pores by fluores- 
cence spectroscopy in vesicles uses large unilamellar vesicles (LUVs) that are la- 
beled with one or more internal (Pj), external (Pg) or membrane-bound (Py) fluo- 
rescent probes (Fig. 11.5a). Internal probes such as HPTS, ANTS or CF are most 
common to determine activity, external probes are used to reveal specific character- 
istics (e.g. the voltage-sensitive safranin O, Section 11.3.4), membrane-bound 
probes are mainly but not exclusively used for structural studies (Section 11.4). 

To determine activity, the change in fluorescence emission of internal probes in 
response to the addition of synthetic ion channels or pores to the LUVs is usually 
measured as a function of time at different concentrations (Fig. 11.5b). To calibrate 
the dose response, the emission 1, of the free fluorophore is determined at the 
end of each experiment by, e.g. the addition of a detergent like triton X-100. The 
minimal and maximal detectable activities Лик and Мах in the calibrated curves 
are then used to recalibrate for a fractional activity Y, and a plot of Y as a function 
of the concentration of the channel or pore yields the ECso, that is the effective 
channel concentration needed to observe Y = 0.5 (Section 11.3.2). ECso values de- 
pend on many parameters and can be further generalized (e.g. the dependence on 
LUV concentration reveals the ЕСзо(мим) at low, together with the maximal lipid/ 
pore ratio at high, LUV concentration, Section 11.3) [15]. With respect to BLMs, 
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Fig. 11.5. Standard configuration (a) and analysis (b) of vesicle flux 
experiments with details on (c) the HPTS, (d) the ANTS/DPX and (e) 
the CF assay. 


the ECso reports a sum of contributions including open probability Р, and conduc- 
tance g, with contributions from P, being usually most important. For updated 
original procedures, see, e.g. Refs [3] or [10]. 

As in BLMs, failure to detect activity in LUVs does not imply that the synthetic 
ion channel or pore does not exist. As a general rule, the difficulty of identifying activ- 
ity in LUVs increases with increasing selectivity of either pore or assay (for the unrelated 
partitioning problem, see 4.1) [3, 7-11]. In other words and similar to the situation 
in BLMs, the most interesting synthetic ion channels or pores are the most diffi- 
cult ones to detect. The HPTS assay is arguably the most useful assay to begin 
with because of its poor selectivity (Fig. 11.5c) [9-11]. 
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HPTS is a pH-sensitive fluorophore (pK, — 7.3) [6]. The opposite pH sensitivity 
of the two excitation maxima permits the ratiometric (i.e. unambiguous) detection 
of pH changes in double-channel fluorescence measurements. The activity of syn- 
thetic ion channels is determined in the HPTS assay by following the collapse of 
an applied pH gradient. In response to an external base pulse, a synthetic ion 
channel can accelerate intravesicular pH increase by facilitating either proton ef- 
flux or ОН“ influx (Fig. 11.5c). These transmembrane charge translocations re- 
quire compensation by either cation influx for proton efflux or anion efflux for 
OH influx, i.e. cation or anion antiport (Fig. 11.5a). Unidirectional ion pair move- 
ment is osmotically disfavored (ie. OH ^/M* or X /H* symport). HPTS efflux is 
possible with pores only (compare Fig. 11.5b/c). Modified HPTS assays to detect 
endovesiculation (Fig. 11.1c) [16], artificial photosynthesis [17] and catalysis by 
pores [18] exist. 

In the CF assay, LUVs are loaded with CF at concentrations high enough for self- 
quenching (Fig. 11.5e) [3]. CF efflux through large enough pores results in fluoro- 
phore dilution, and the disappearance of self-quenching is detected as an increase 
in CF emission (Fig. 11.5b). In the ANTS/DPX assay, the fluorophore ANTS is en- 
trapped in LUVs together with its quencher DPX (Fig. 11.5d) [19]. Efflux of either 
the anionic ANTS or the cationic DPX through a pore can then be monitored as an 
increase in ANTS emission. Different to the HPTS assay, both ANTS/DPX and CF 
assay are sensitive to the inner diameter of synthetic ion channels (not detected) or 
pores (detected, see Section 11.3.3). Different to ANTS/DPX assay, the CF assay is 
also sensitive to pH and to the ion selectivity of the pore (Sections 11.3.1 and 
11.3.5). Many other fluorescent probes exist, selection is often determined by cost 
[6]. The use of some more specific probes is introduced below (Sections 11.3.4 and 
114). 


11.2.3 
Miscellaneous 


Because of their high development, sensitivity and broad applicability, fluorescence 
spectroscopy with labeled LUVs and BLM conductance experiments are the two 
methods of choice to study synthetic ion channels and pores. However, several 
other methods exist. 2 Ма NMR spectroscopy in vesicles is often used by supramo- 
lecular chemists [2]. In this assay, a paramagnetic shift reagent that cannot cross 
the membrane is added either inside or outside to separate the chemical shifts of 
intra- and intervesicular Na*. Sodium flux through synthetic ion channels is then 
detectable by line-width analysis or peak integration. Whether this method is use- 
ful to determine specific characteristics of synthetic ion channels has hardly been 
explored (Section 11.3). Pores that are large enough to transport the shift reagent 
(usually dyprosium triphosphate) cannot be studied. 

Ion-selective electrodes are another example for interesting methods to analyze 
synthetic ion channels and pores in LUVs that are arguably less developed and 
less frequently used. Conductance experiments in supported lipid bilayer mem- 
branes may be mentioned as well [20]. 


11.3 Characteristics 


11.3 
Characteristics 


The activity of ion channels and pores is coupled to and, therefore, controlled by 
many different parameters. This includes membrane composition, polarization 
and stress, molecular recognition, molecular transformation, light, and so on. The 
intrinsic relativity of their "activity" makes absolute comparisons between syn- 
thetic ion channels and pores often difficult but also less important. Because of 
their potential for practical applications, it is indeed exactly the creation of "smart" 
synthetic ion channels and pores with high selectivity and sensitivity that is attract- 
ing more and more scientific attention. Highest current and future importance in 
the field concerns the rational design of synthetic ion channels and pores that re- 
spond to specific chemical or physical stimulation [2, 3, 9-11, 15]. In other words, 
the relevant question concerning the activity of synthetic ion channels and pores is 
usually not “how active?" but rather “which activity?" This chapter introduces 
some analytical methods available to determine pertinent aspects of the activities 
of synthetic ion channels and pores. 


11.3.1 
pH Gating 


Determination of the pH profile of a synthetic ion channel or pore early on is im- 
portant to focus the further, often time consuming in-depth characterization on the 
pH of relevant activity [19, 21]. pH sensitivity is usually introduced with acidic or 
basic functional groups with a pK, near the pH of interest. Synthetic ion channels 
and pores with multiple acids or bases in the ion-conducting pathway exhibit para- 
bolic pH profiles (Fig. 11.6). With fractional activity normalized between minima 
and maxima (Y = 0 at рНмк, Y = 1 at pHyax), characteristics such as pHyax, 
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Fig. 11.6. pH profiles summarize the pH dependence of synthetic ion 
channels and pores with multiple charged acids (a) or bases (b) with 
intrinsic pK/; characteristics are the maximal рНмах, the effective 
pHso, ApHso for parabolic profiles, and ApHmax. 
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ApHso and ApHyax can be defined (see Fig. 11.5 for Y). ApHso is the difference 
between two effective pHso values at Y = 0.5. It depends on the number n of 
acids/bases in the channel/pore and reflects the cooperativity of pH gating. 
ApHmax; the shift of pHmax from the pH corresponding to the intrinsic pK7, is 
positive for charged bases and negative for charged acids. It depends on the num- 
ber n of acids or bases in the channel/pore and reflects the magnitude of proximity 
effects. These proximity effects on the pK;(i) of n individual acids or bases de- 
scribed in Eq. (11.1) are thought to account for the parabolic pH profiles of syn- 
thetic ion channels and pores with multiple acids/bases. 


pK,(i) = pK} + 7log(Q; 4/0;) + y(i — 1)С,/2.303 ВТ (11.1) 


pK; = intrinsic pKa; log(Q;-1/Q;) = probability of proton transfer with О; = 
n!/(n —i)! i! possibilities to add or remove 1 x i < п protons for n sites; y= 
+1 for charged bases, y = —1 for charged acids; G, = average electrostatic repul- 
sion between two charges (G, ос r~’, etc). 

Application of Eq. 11.1 to parabolic pH profiles of synthetic ion channels and 
pores reveals that highest activity occurs at partial (de)protonation of bases (acids). 
This trend is generalized in the internal charge repulsion (ICR) model, stating that 
intermediate ICR is required for maximal activity, whereas undercharged hollow 
supramolecules tend to “implode” and overcharged ones to "explode" [19]. Both 
ionic strength (see Section 11.3.6) and lateral pressure from the surrounding mem- 
brane ("external membrane pressure", EMP) influence the parabolic pH profile of 
ICR-compatible synthetic ion channels and pores [22]. 

The determination of pH profiles is no problem with the ANTS/DPX assay but 
more difficult with the pH-sensitive CF and HPTS assays [19, 21]. Determination 
in BLMs poses no problems and ?Na NMR spectroscopy should be possible as 
well. The determination of the ionic strength dependence in BLMs is routine and 
gives important information on the affinity of the ions to the channels (Section 
11.3.6). However, the low conductance often observed at low ionic strength can 
make the experiments difficult. For vesicle experiments with varied external ionic 
strength, osmotic stress can be avoided with high internal ionic strength and com- 
pensation of external under-pressure using sucrose [15, 18]. 


11.3.2 
Concentration Dependence 


Determination of the dependence of the fractional activity on the concentration of 
the monomer forming the uni- or supramolecular active structure is required to 
obtain the ECso (Section 11.2.2). The shape of the см profile contains further infor- 
mation on the thermodynamics and, in some cases, the stoichiometry of the self- 
assembly of supramolecular ion channels and pores (Fig. 11.7) [21]. 

Class I channels and pores follow the Hill Eq. (11.2) applied to self-assembly 
(Fig. 11.7a) 


log Y = п log см — п log Kp (11.2) 
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Y = fractional activity (Fig. 11.5); см = monomer concentration; и = НШ coeffi- 
cient; Kp — dissociation constant of the supramolecule. 

The Hill coefficient n obtained from the curve fit of the cy profile of Class I 
channels and pores (Fig. 11.7a) corresponds to the number of monomers in the 
active supramolecule (if self-assembly indeed occurs from an excess monomer in 
solution. With self-assembly from excess dimer, the number of monomers per 
active supramolecule is 2n, and so on). The compatibility with the Hill equation 
further demonstrates the presence of excess monomer besides a small population 
of active supramolecule. The presence of excess monomer, in turn, reveals that the 
self-assembly of the channel or pore is an endergonic process. Structural studies of 
unstable n > 1 supramolecules at concentrations near the ECso by conventional 
methods are therefore meaningless. For example, NMR or IR measurements will 
report on the inactive monomers, whereas the unstable active structure of Class I 
channels and pores is "invisible" (see Section 11.4 for methods to selectively detect 
and study minority populations of active supramolecules). In BLMs, the thermody- 
namic instability of Class I channels and pores is expressed in low open probabil- 
ities Р, (Fig. 11.4). The n > 1 of Class I channels and pores is unrelated to the ki- 
netic stability expressed in short lifetimes for labile Class IA and long lifetimes for 
inert Class IB supramolecules. 

The self-assembly of Class П channels and pores is exergonic. Their см profile is, 
therefore, incompatible with the Hill equation, revealing either n = 1 (Fig. 11.7b) 
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Fig. 11.7. см Profiles, describing the dependence of synthetic ion 
channels and pores on the monomer concentration, can differentiate 
either between unimolecular (b and c, cy? = 0) and supramolecular 
(a-c, см? > 0) or between unstable (class |, a) and stable (class 11, b 
and c) active suprastructures and reveal their stoichiometry (n, class | 
only), whereas BLM-lifetimes (r1) are needed to differentiate between 
labile (class A) and inert (class B) functional supramolecules. 
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or n « 1 (Fig. 11.7c), depending on their frequent tendency to precipitate rather 
than to partition into the membrane at increasing concentration. Both labile (IIA) 
and inert (IIB) Class II channels and pores are, in principle, compatible with struc- 
tural studies by non-selective routine methods [10, 21]. The Hill coefficient, how- 
ever, reveals neither the number of monomers per active supramolecule nor the 
supramolecular nature of the channel or pore as such. A linear cy profile that in- 
tercepts the x axis above 0 (см? > 0, и = 1) can demonstrate the latter, revealing a 
less stable active supramolecule (intermediate Po) with a Kp slightly below the 
concentration range accessible with the cy profile (Fig. 11.7b). In other words, 
n <1 profiles do not identify unimolecular ion channels and pores. In practice, 
unstable ion channels and pores (n > 1) are often preferable over stable ones 
(n < 1) to avoid precipitation of the hydrophobic prepores from the media [21, 23]. 

It is important to note that Hill analysis of supramolecular synthetic ion chan- 
nels and pores is not fully developed and deserves appropriate caution. The useful- 
ness of chemical or thermal denaturation [12-14, 24] to temporarily transform 
exergonic Class II into endergonic Class I supramolecules for clear-cut demonstra- 
tion of their true Hill coefficient as well as their supramolecular nature, for exam- 
ple, remains to be explored. 


11.3.3 
Size Selectivity 


The relation between the inner diameter d and the conductance g of synthetic ion 
channels and pores is described in the Hill equation [5]. 


1/g = lp/[n(d/2)] + p/d (11.3) 


g = conductance of single channels/pores (Fig. 11.4); p = resistivity of the re- 
cording solution (experimental value); | = length of the channel/pore. 

This model is quite unproblematic for synthetic pores with large inner diame- 
ters. The meaningfulness of the approximation of channels/pores as electrolyte 
filled cylinders of known length depends from case to case. However, it decreases 
generally with decreasing diameter. Significant underestimates are obtained when 
restricted mobility in the confined interior of small ion channels reduces their con- 
ductance. This is particularly pronounced with saturation behavior from electrolyte 
binding within the ion channel at high ionic strength (Section 11.3.6). However, 
Sansom’s empirical correction factors are available to correct for increasing under- 
estimates with decreasing conductance [25]. 

Supramolecular chemists without BLM-workstation can approximate the inner 
diameter of synthetic ion channels and pores by size exclusion experiments in 
LUVs. Differences in activity between the HPTS assay — compatible with all 
diameters — and the ANTS/DPX assay reserved for pores with diameter larger 
than ~5 A and the CF assay for pores with larger than ~10A can differentiate be- 
tween ion channels and pores (Fig. 11.5). Larger fluorescent probes like CF- 
dextrans are available to identify giant pores or defects [26]. However, we caution 
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that even probes as large as CF can possibly be translocated by a carrier mecha- 
nism rather than through a large pore (see Section 11.1) [27]. The combination 
and comparison of data on diameter from BLMs, LUVs and molecular models is 
ideal [3, 10, 24]. With synthetic ion channels and pores with internal active sites 
for blockage, size dependence experiments on molecular recognition can qualita- 
tively complement above insights from size exclusion experiments on molecular 
translocation [2-4]. 


11.3.4 
Voltage Gating 


The dependence of the activity of ohmic synthetic ion channels and pores on the 
membrane potential, ie. the voltage V applied to BLMs or the polarization of 
LUVs, follows Ohm's law 


I=gV (11.4) 


The slope of the IV profile of ohmic ion channels and pores gives their conduc- 
tance g (Fig. 11.4, 8c, dotted). Non-ohmic ion channels are ion channels that violate 
Eq. (11.4) (Fig. 11.8c, solid). Because of importance in biology and materials 
science, the creation of non-ohmic ion channels and pore has attracted consider- 
able interest in supramolecular chemistry [2, 9]. The key parameter characterizing 
non-ohmic behavior is the gating charge 2, [5, 9]. 


Y ос см" exp(zgeV /kT) (11.5) 


Y — fractional activity; cy — monomer concentration; n — Hill coefficient (Eq. 
2); e — elementary charge; k — Boltzmann constant; T — absolute temperature. 

For ohmic channels and pores, zg = 0. Formally, the gating charge 2, is the 
charge that has to be translocated across the bilayer to open the ion channel or 
pore. In single-channel BLM-experiments, z, is determined from the change in 
open probability P, with applied voltage [9]. However, macroscopic I-V profiles 
also produce correct z, values [9]. This is the case because contributions from 
changes in single-channel conductance with voltage (i.e. rectification) [28] are usu- 
ally negligible compared to changes in Р, (i.e. number and stability of open chan- 
nels). 

Supramolecular chemists without BLM-workstation can determine gating 
charges in polarized vesicles (Fig. 11.8), using the HPTS assay for synthetic ion 
channels and the ANTS/DPX assay for synthetic pores (Fig. 11.5) [7]. To polarize 
vesicles, an inside-negative Nernst potential is applied with a potassium gradient 
(Eq. 11.6), osmotically balanced with sodium, coupled with the potassium carrier 
valinomycin at intermediate concentrations sufficient for rapid potential buildup 
without immediate collapse, and monitored by an emission increase of the exter- 
nally added probe safranin O (Fig. 11.8a and b). 
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Fig. 11.8. Gating charges z, determined for non-ohmic (i.e. voltage- 
gated) synthetic ion channels or pores (c) in valinomycin polarized, 
doubly-labeled LUVs (a) with internal HPTS to measure changes in pH 
and external Safranin O to measure depolarization (b) (compare Fig. 
11.4 for data analysis). 


У = RT/zF In(external [K+] /internal [K*]) (11.6) 


У = Nernst potential; R = gas constant; Т = absolute temperature; z = +1 
(charge of K*); F — Faraday constant. 

In a pH gradient, the activity of added synthetic ion channels and pores can then 
be observed in the HPTS channel as increase and in the safranin O channel as de- 
crease of fluorophore emission (Fig. 11.8b). Changes in activity at different Nernst 
potentials give then the gating charge z, (Fig. 11.8c). Gating charges from BLMs 
and LUVs are comparable [9]. “Reversed” non-ohmic behavior, with inactivation 
at high voltage is quite common and characteristic for highly symmetric, ohmic 
ion channels and pore like f-barrels [9, 29]. Hysteresis in IV curves can imply 
voltage-sensitive formation of voltage-insensitive and highly inert ion channels 
and pores [9], presumably in a “two-state” or multistate process [9, 12—14]. 


11.3.5 
lon Selectivity 


The anion/cation selectivity describes the overall preference of synthetic ion chan- 
nels or pores for either anion or cations [5, 8]. The anion/cation selectivity can be 
determined in BLMs using salt concentration gradients between cis and trans 
chamber (Fig. 11.9A and Fig. 11.4). With salt gradients, a current will low without 
applied voltage. The direction of this zero current reveals the preferred movement 
of Kt or Cl” through the synthetic ion channel or pore. The voltage required to 
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cancel this zero current is the reversal potential У,. Calculation of the permeability 
ratios with the Goldman-Hodgkin-Katz (СНК) voltage Eq. (11.7) from the reversal 
potential V; reveals anion/cation selectivity quantitatively. 


Pa- / Рм+ = [амсіѕ — aytrans exp( — Ү,Е/ RT)|/[aAcis exp(—V,F/RT) — aatrans| 
(11.7) 


Pa- / Рм+ = anion/cation permeability ratio; амс = cation activity in cis cham- 
ber; У, = reversal potential; R = gas constant; T = temperature; F = Faraday con- 
stant. 

As discussed above, synthetic ion channels added to LUVs loaded with the pH- 
sensitive fluorophore HPTS and exposed to a pH gradient mediate the collapse of 
the latter by either H*/K* or OH /CI- antiport (Figs. 9B and 5). Sensitivity of the 
measured rate (e) to external cation (f) but not anion exchange (g) identifies cation 
selectivity (Fig. 11.9h) [30]; sensitivity to external anion but not cation exchange 
identifies anion selectivity in LUVs [9, 10]. Anion/cation selectivity of synthetic 
ion channels determined in BLMs and LUVs are comparable [9, 24]. Whereas the 
determination of anion/cation selectivities of synthetic pores in BLMs is as with 
synthetic ion channels and unproblematic, the HPTS assay is not applicable for 
this purpose. Indications on anion/cation selectivities of synthetic pores in LUVs 
can be obtained from comparison of CF and ANTS/DPX assays, because the CF 
assay reports activity for anion selective pores only [8]. 

The selectivity sequence describes the preference of a cation channel between 
different cations and an anion channel between different anions [8, 30-36]. In 
BLMs and LUVSs, selectivity sequences are determined like the anion/cation selec- 
tivity (Fig. 11.9). In BLMs, the gradient between cis and trans chamber is not estab- 
lished with different concentrations of the same salt but between identical concen- 
trations of different salts. In LUVs, the rate of the increase in HPTS emission in 
the presence of different external cations М" or anions А are compared to de- 
termine cation and anion selectivity sequences, respectively [10, 30]. 

Many theories, variations and refinements on ion selectivity exist [5, 31—36]. Ar- 
guably, the selectivity sequences of cation channels are best described as Eisenman 
topologies, where ion selectivities (i.e. respective permeability ratios, conductances 
or fractional activities) are plotted as a function of the reciprocal radius of the 
cation (Fig. 11.9C) [31]. These eleven topologies cover sequences between the one 
completely determined by dehydration penalty (Eisenman I, Cst > Rb > K* > 
Na* > Lit) and the one completely determined by cation binding in the channel 
(Eisenman XI, Lit > Nat > Kt > Rb* > Cst). Eisenman I topologies are the 
least interesting ones because they do not need refined synthetic ion channels or 
pores to occur. Eisenman IV topologies are arguably the most interesting ones 
because of the importance of potassium selectivity in neurons and beyond 
(K* > Rb* > Cst > Na* > Li*) [8, 30, 31]. 

Anion selectivity topologies beyond the seven halide sequences are less common 
because of possible mismatches of size and dehydration energy (Fig. 11.9D) [33- 
35]. Because of its frequent occurrence, complete dependence on dehydration en- 
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current-voltage profiles (d) with cis-trans salt gradients (b, c) reveal ion 
selectivity in BLMs according to the GHK equation (11.7) [8]. (B) 
Sensitivity to external cation (e, f) and insensitivity to external anion 
exchange (e, g) in the HPTS assay (Fig. 11.5) reveals cation selectivity 
in LUVs (h). (C) Cation selectivity sequences can be classified as 
Eisenman topologies 1—ХІ, (D) anion selectivity sequences as halide 
topologies I-VII, halide sequence | is often referred to as Hofmeister 
series, sequences IV are relevant concerning biological potassium and 
chloride channels. 


ergy (i.e. halide topology I) is historically also referred to as Hofmeister or lyotropic 
series, with hydrophobic anions named chaotropes (structure breakers) and hydro- 
philic anions named kosmotropes (structure makers) [35]. Chloride selectivity as in 
topology IV is interesting because of its medicinal relevance (e.g. channel replace- 
ment therapy for cystic fibrosis treatment) [2, 23]. 

Note that selectivity sequences derived from permeability ratios and conduc- 
tances can differ significantly [31—36]. Because there is no current at the reversal 
potential, permeability ratios describe the ability of ions to enter a synthetic chan- 
nel or pore. Permeability ratios, therefore, relate directly to the change in energy 
from ion stabilization by hydration to ion stabilization by its interaction with the 
channel referred to in the Eisenman theory. The respective conductance with dif- 
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ferent permeant ions, that is the slope of the IV profile, reveals the ability of an ion 
to move through the channel and be released at the other side. Permeant ions that 
are recognized within synthetic ion channels or pores can become blockers at high 
concentration (Section 11.3.6). 

More difficult in BLMs, refined HPTS assays exist to address the special cases of 
selective transport of protons [11] and electrons [17] in LUVs. In the conventional 
HPTS assay (Fig. 11.5c), the apparent activity of proton channels decreases with in- 
creasing proton selectivity because the rate of the disfavored cation (M*) influx in- 
fluences the detected velocity more than the favored proton efflux. Disfavored po- 
tassium influx can, however, be accelerated with the potassium carrier valinomycin 
(Fig. 11.8). Increasing activity in the presence of valinomycin identifies proton 
channels with Ht > K* selectivity being at least as high as the maximal measur- 
able increase (in unpolarized LUVs of course, compare Section 11.3.4). Important 
controls include evidence for low enough valinomycin concentrations to exclude 
activity without the proton channel (due to disfavored H* efflux). The proton car- 
rier FCCP is often used as complementary additive to confirm M* > Н? selectivity 
(e.g. amphotericin B). 

As for selective electron transport in LUVs, many assays have been developed 
early on in studies directed toward artificial photosynthesis [37]. An elegant recent 
example applies the HPTS assay to active transport [17]. Namely, photoinduced 
electron transfer is detected as internal pH increase due to proton consumption 
during the reduction of a water-soluble quinone trapped together with HPTS 
within LUVs. 


11.3.6 
Blockage and Ligand Gating 


Strong binding of specific ions can lead not only to selectivity but also to blockage 
of synthetic ion channels. In BLMs, blockage by permeant ions is revealed by satu- 
ration behavior of the conductance g with increasing activity aron of the ion of 
interest (Fig. 11.10D) [33]. Fit of the salt profile to Eq. (11.8) gives the inhibitory 
concentration ICso (or the apparent dissociation constant Kp) and the maximal 
conductance gmax for a permeant ion blocker. 


g = guaxtioN/ ICso + ок (11.8) 


Note that the Hill model to measure inner diameters of channels and pores is 
obviously incompatible with blockage by permeant ions (Section 11.3.3). Multiple 
binding to line up several permeant ion blockers in a single transmembrane file 
for selective ion hopping through the channel can be considered as elegant solu- 
tion for ion selectivity without blockage [38]. This same supramolecular solution 
of the dilemma of "selectivity without loss in speed" is applicable to the selective 
transport of protons on the one hand [11] and that of molecules through large syn- 
thetic multifunctional pores on the other) [39]. Anomalous mole fraction behavior 
can be used to imply multiple electrolyte binding [6, 33—35]. 
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Fig. 11.10. Synthetic multifunctional ion channels and pores either (A) 
open or (B) close in response to chemical stimulation. Dose response 
curves for (A) ligand gating or (B) blockage are characterized by 
effective (ECso) or inhibitory concentrations (ICso) and Hill coefficients 
(n). (C) Woodhull analysis of the voltage dependence of blockage 
reveals the depth of molecular recognition. (D) The special case of 
blockage by permeant electrolytes is described by /Сѕо and gmax (the 
maximal conductance). 


Multiply-charged synthetic ion channels and pores can scavenge and perma- 
nently immobilize counterions [21, 40]. Counterion immobilization can result in 
significantly reduced single-pore conductance. This translates, according to the 
Hill model (Section 11.3.3), to a meaningful shortening of the inner pore diameter 
by internal counterion scavenging. Other significant effects of counterion immobi- 
lization on ion channel and pore characteristics include increased single-pore life- 
times (i.e. increased kinetic pore stability, Section 11.2.1) and inversion of anion/ 
cation selectivity (Section 11.3.5) [40]. 

Molecular recognition by synthetic ion channels and pores is the key to multi- 
functionality and its many diverse applications to sensing and catalysis [41, 42]. 
The response to chemical stimulation is ligand gating or blockage (other, in equally 
imperfect terms: "opening" or "closing", "activation" or "inactivation"). Ligand 
gating and blockage can be readily determined in BLMs, LUVs and other methods 
like supported bilayers as change in fractional activity Y in response to chemical 
stimulation with a guest molecule, either blocker or ligand. Dose response curves 
can be fitted to the Hill equation (11.9) applied to molecular recognition (Figure 
11.10A and B) 


log Y = n log ccuzsr — n log ECso (11.9) 


Y = fractional activity (Fig. 11.5) ccursr = guest concentration (ligand or 
blocker); и = Hill coefficient; ЕС (effective ligand concentration; or ICso for 
blockage, or apparent Kp — dissociation constant of the host-guest complex). 

Effective and inhibitory concentrations correspond to apparent dissociation con- 
stants of the host-guest complexes. These values can be quite different from the 
true Kp values. Particularly cautious interpretation is recommended for stoichio- 
metric binding, molecular recognition may actually be much better than it appears 
in these cases [43—45]. Quantitative correlation of the values of ICs) and KD [44] is 
not common in the field of synthetic ion channels and pores. The Hill coefficient n 
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can reflect the number of ligands or blockers needed for function [45]. However, 
many parameters can further influence Hill coefficients, such as self-assembly of 
both ligands and ion channels/pores (compare Section 11.3.2) [21, 24]. 

As with synthetic ion channels and pores as such (Sections 11.3.1 to 11.3.5), mo- 
lecular recognition by synthetic ion channels and pores [2-4, 41, 42] depends on 
many parameters such as pH, [46] ionic strength [15, 22], self-assembly [21], volt- 
age [47], topological matching [46, 47], ion selectivity [48], and so on. The voltage 
dependence (V) of molecular recognition by synthetic ion channels and pores (Kp) 
described in the Woodhull equation (11.10) is arguably the most interesting param- 
eter [5, 47, 49]. 

pKp = —log Kp; lw = Woodhull distance from channel/pore entrance to active 
site; 2с̧џѕт = guest charge; F = Faraday constant; V = voltage applied to the side 
of guest addition; | = length of ion channel/pore; lw/l = д = electric distance; 
R — gas constant; T — absolute temperature. 

Woodhull analysis is possible in BLMs and polarized LUVs with results being at 
least qualitatively comparable [47]. The key information obtained is the Woodhull 
distance lw from channel/pore entrance to active site. Mechanistic and structural 
insights accessible with Woodhull analysis include evaluation as to whether or not 
molecular recognition by synthetic ion channels and pores really takes place in the 
membrane, discrimination between voltage-sensitive inclusion complexes and 
voltage-insensitive peripheral association, and measurement of the depth of guest 
inclusion (see Section 11.4.4) [47]. 

Synthetic ion channels and pores that open and close in response to molecular 
recognition are detectors of all chemical reactions as long as substrate and product 
recognition are not the same [3, 15, 41, 42, 50]. For instance, the conversion of 
good substrate blockers into poor product blockers can be detected as pore opening 
(Fig. 11.11A). Pore closing is observed with products as blockers (Fig. 11.11B), 
whereas pore opening is observed with products as activators (Fig. 11.11C). The 
combination of synthetic multifunctional pores as general optical transducers of 
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tional pores that operate by blockage (A, B) or ligand gating (C): Pore 
opening during reaction occurs with substrate as blockers (A) and 
products as ligands (C), pore closing during reaction with products 


as blockers (B). 
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Fig. 11.12. Stochastic detection of molecular recognition in single- 
molecule measurements in BLMs. Binding of a blocker reduces the 
conductance of a single open pore (compare Section 11.2.1). Statistical 
analysis of lifetime and probability to observe the conductance level of 
single pore-blocker complexes reveals both thermodynamic and kinetic 
data. 


chemical reactions with enzymes as specific signal generators provides access to 
multicomponent sensing in complex matrixes (e.g. sugar sensing in soft drinks) 
[15]. As "universal" detectors and sensors, synthetic ion channels and pores emerge as 
powerful tools of a new method in (rather than being a target of) supramolecular ana- 
lytic chemistry. 

The possibility of stochastic detection of single analytes in single-pore measure- 
ments in BLMs has been explored extensively with biological and bioengineered 
pores [51—53], although not yet realized with synthetic ion channels and pores. In 
brief, the conductance of single pore-blocker complexes, if detectable, may differ 
from that of the single open pore (Fig. 11.12). With inert single pores that do not 
frequently open and close by themselves (Fig. 11.4), the entering and leaving of 
single blockers can possibly be observed in a stochastic manner. Statistical analysis 
of the obtained “on-off” transitions for guest recognition gives both thermody- 
namic and kinetic data for the pore-blocker complex (analogous to the insights on 
pores as such, available from statistical analysis of open-close transitions, see Sec- 
tion 11.2.1). 

This stochastic detection of single pore-blocker complexes is attractive for several 
reasons. Different conductances and lifetimes for different pore-blocker complexes 
allows, in principle, for "fingerprint-type" sensing [51]. The possibility of single 
gene sequencing with single pores has, for example, been much discussed al- 
though so far not realized [52]. Different conductances for single pore-substrate 
and pore-product complexes opens appealing perspectives for the detection of re- 
actions, including single reactive intermediates [53]. Catalytic activity has, however, 
so far been reported only for synthetic pores (Section 11.3.7) [54, 18]. 


11.3.7 
Miscellaneous 


A practically unexplored application of molecular recognition by synthetic multi- 
functional ion channels and pores is catalysis [54]. An HPTS-based assay is being 
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developed to analyze the voltage dependence of Michaelis-Menton kinetics in 
LUVs (similar to Woodhull analysis of voltage-sensitive molecular recognition, see 
Section 11.3.6) [18]. The obtained key characteristics – analogous to Woodhull dis- 
tances (lw, Section 11.3.6) or gating charges (zg, Section 11.3.4) – are "steering fac- 
tors" that quantify remote control by membrane potentials to guide substrates into 
and products out of the catalytic pore. 

An enormously important and diverse aspect of molecular recognition by syn- 
thetic ion channels and pores concerns specific interactions with the surrounding 
membrane. Only membrane potentials have been considered so far (Sections 11.3.4 
and 11.3.6). The recognition of surface potentials by synthetic ion channels and 
pores has attracted much interest for the development of new antimicrobials [2]. 
The dependence on surface potentials (simply speaking, the summed charges of 
the lipid headgroups in the bilayer) is best expressed in Y — Фи profiles; surface 
potentials Фо can be obtained from the Gouy-Chapman theory [9]. Sensitivity of 
synthetic ion channels and pores to bilayer fluidity is another interesting topic. Frac- 
tional activity in dipalmitoyl phosphatidylcholine (DPPC) LUVs as a function of 
temperature is often measured for this purpose because of the convenient phase 
transition of the neutral DPPC bilayers (41 °C). Beware of the often-heard notion 
that increasing activity with decreasing fluidity implies a channel and increasing 
activity with increasing fluidity a carrier mechanism (Fig. 11.1A and B): Contribu- 
tions from other parameters, particularly partitioning, account usually for changes 
in activity with bilayer fluidity [22, 55]. These effects can be clarified with reason- 
ably straightforward and reliable structural studies (Section 11.4.1). 

Dependence of the activity on bilayer thickness is sometimes examined to prove 
transmembrane orientation of synthetic ion channels and pores. Parabolic Y — n 
profiles are unavoidable to justify this conclusion (n — number of methylenes in 
the alkyl tails of lipids; varied to vary bilayer thickness) [56]. Meaningful analysis 
of the somewhat related dependence of activity on bilayer stress requires osmolarity 
profiles [57, 58]. Dependence of activity of bilayer composition is a vast topic that 
interconnects with several of the above parameters; sterol sensitivity with emphasis 
on ergosterol and cholersterol has attracted much attention for the development of 
new fungicides [59], targeted pore formation with lipid II and lipid A is thought to 
account for the antibacterial activities of nisin [60] and cationic amphiphilic ste- 
roids [61] respectively [2]. Simple dose response curves with Hill analysis are 
applicable to this topic (Section 11.3.6). Bilayer heterogeneity including sterol sensi- 
tivity or the trendy “rafts” is in general a topic where synthetic ion channels and 
pores have been suggested to possibly be of some use as analytic tools [2, 62]. 
Flip-flop, finally, is a central topic in mechanistic and structural studies on syn- 
thetic ion channels and pores [63]. Flip-flop describes the reversible vertical mo- 
tion of lipids from one leaflet to the other leaflet of a lipid bilayer. In intact mem- 
branes, flip-flop is slow. It can be accelerated by biological and synthetic flippases, a 
special class of membrane transporters related to ion carriers [63]. Synthetic ion 
channels and pores with flippase activity are likely to affect the suprastructure of 
the surrounding bilayer, i.e. have micellar active structure (Fig. 11.2) [64]. Routine 
flippase assays with fluorescently labeled lipids can be found in the literature [48, 
63, 64]. 
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11.4 
Structural Studies 


In research focusing on the creation of function, experimental evidence for this de- 
sired function is naturally all that really matters (Section 11.3) [4]. The intrinsically 
lower significance on the one hand and the complexity of the topic on the other 
can complicate research focusing on structural studies. The comments made in 
the introduction to functional studies (see Section 11.3.0) are even more important 
with regard to structural studies: It is extremely important to ask meaningful ques- 
tions and to work under conditions that are relevant for function. Beware of high- 
resolution NMR insights or crystal structures that have nothing to do with the 
active structure of synthetic ion channels and pores. 

As target molecules of multistep organic synthesis, the molecular structure of 
the monomers that form synthetic ion channels and pores is always known from 
routine analytical methods. Structural studies, therefore, ask the question how 
these monomers form active ion channels and pore, i.e. focus on conformational 
or supramolecular analysis. Being the outcome of rational design based on known 
structural information, this question often comes down to the not very inspired 
question whether or not synthetic ion channels and pores that are already known 
to function as expected also form the expected active structure. Added to a lipid bi- 
layer, a monomer of known structure can avoid the membrane (Fig. 11.13, Aa) or 
accumulate in transmembrane orientation (Figure 11.13, Ab), in the middle of the 
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Fig. 11.13. Dynamic supramolecular polymorphism of synthetic ion 
channels and pores including unimolecular (Ab), barrel-stave (Bb) and 
micellar motifs (Bd; compare Fig. 11.2, text and refs [42] and [4]). 
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membrane (Fig. 11.13, Ac) or at the membrane-water interface (Fig. 11.13, Ad). 
Alternatively, the monomers can self-assemble – in the water (Fig. 11.13, a) or in 
the membrane (Fig. 11.13, b-d) — into oligomers like barrel-stave, barrel-hoop, 
barrel-rosette supramolecules (Fig. 11.13B, see Fig. 11.2). Continuing self-assembly 
into supramolecular polymers such as vesicles, fibers or microcrystals is known as 
often undesired high-concentration side-effect in water [42] but unknown as a pro- 
ductive route to ion channels and pores in lipid bilayer membranes (Fig. 11.13C) 
[21, 23]. 

In principle, all the suprastructures shown in a still highly simplified manner in 
Fig. 11.13 are in equilibria that depend on many parameters such as pH (Section 
11.3.1), concentration (Section 11.3.2), ionic strength (Section 11.3.1), nature of the 
bilayer (Sections 11.3.4 and 11.3.7), and so on. This dynamic supramolecular poly- 
morphism restricts meaningful structural studies to conditions that are relevant 
for function but often incompatible with routine analytical methods (e.g. nano- 
molar to low micromolar concentrations in lipid bilayer membrane. The fact that 
the active conformers or supramolecules are often not the thermodynamically 
dominant ones [21] (Section 11.3.2) calls for additional caution as well as selective 
methods of detection). As a general rule, the complexity of the supramolecular polymor- 
phism of synthetic ion channels and pores decreases with increasing complexity (size) of 
the monomer (in other words, synthetic efforts are often worthwhile [2]; compare 
Fig. 11.2). 

Consideration of the supramolecular polymorphism of synthetic ion channels 
and pores reveals the relevant questions for structural studies: Where do the mono- 
mers act (Fig. 11.13b-d), how many of them are needed (Fig. 11.13A-C), and 
where and how can they be regulated? In the following, analytical methods avail- 
able to address these questions will be briefly mentioned but not introduced in de- 
tail (compare, e.g. ref [4]). 


11.4.1 
Binding to the Bilayer 


One of the general methods to detect the binding to lipid bilayer membranes quan- 
titatively is equilibrium dialysis (Fig. 11.13a,b). The key parameter, the partition co- 
efficient K,, is described in Eq. (11.11) [24, 65]. 


I= Пим + (Imax = Імім)/(1 + [H20]/ K, [lipid]) (11.11) 


I = response, Imn = Г without lipids, Imax = I at saturation, [Н›О] = concen- 
tration of water (55.3 M). 

The binding of synthetic ion channels and pores to lipid bilayer membranes 
often causes a change in intra- or intermolecular self-organization that is visible 
in sufficiently sensitive methods such as fluorescence (e.g. tryptophan emission) 
[14] or circular dichroism spectroscopy and can be used to determine the partition 
coefficient. Convenient methods of detection under relevant conditions are fluores- 
cence resonance energy transfer (FRET) or fluorescence depth quenching (FDQ) 
[3, 4, 6]. Many fluorescent probes for the labeling of both synthetic ion channels/ 
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pores and lipid bilayer membranes exist. Isothermal calorimetry (ITC) can be used 
to gain further insight into the thermodynamics of channel-lipid interactions. 

The reversibility of binding to the bilayer can be measured in a so-called “ор- 
ping experiment" [3]. In this assay on intervesicular transfer, the activity of syn- 
thetic ion channels or pores is measured in LUVs as described (Section 11.2.2). 
Then, fresh LUVs loaded with fluorescent probes are added for a second time. In- 
activity in this second round demonstrates irreversible, activity reversible binding 
of synthetic ion channels or pores to the bilayer membrane of the initially added 
LUVs. 

Partition coefficients depend on many parameters including pH, ionic strength, 
counterions [27] but also bilayer composition, polarization [9], surface potential or 
fluidity [22, 55] (Section 11.3.7). Needless to explain but important to reiterate 
that general extrapolation of partition coefficients from bulk membranes (water- 
chloroform or water-octanol extractions, U-tube experiments) is not possible. 
Poor partitioning is a frequently underrecognized limiting factor with synthetic 
ion channels and pores that are too hydrophobic. Varied, at best multicomponent, 
stock solutions can be a useful and simple solution to solve this problem (i.e. to 
minimize competing precipitation as supramolecular polymers, Fig. 11.13, BC 
vs ab). Innovative design strategies of synthetic ion channels and pores with 
"hyodrophilic-lipophilic switches" to control and maximize partitioning are desir- 
able [21]. 


11.4.2 
Location in the Bilayer 


The method of choice to determine, under meaningful conditions, the location of 
synthetic ion channels and pores in bilayer membranes is fluorescence depth 
quenching (FDQ) [4, 11]. In this well developed but costly analysis, the position 
of a quencher in the lipid bilayer is varied systematically. Analysis of the depen- 
dence of the efficiency to quench a fluorescent synthetic ion channel or pore on 
the position of the quencher reveals transmembrane, central or interfacial location 
(Fig. 11.13b-d). 

Evaluation of the meaningfulness of results from less sensitive and less selective 
methods needs additional attention (e.g. attenuated total reflectance infrared 
(ATR-IR) or solid-state NMR spectrometry) [2]. Indirect insights from functional 
studies include support for transmembrane orientation (Fig. 11.13b) from para- 
bolic dependence of the activity of synthetic ion channel or pore on bilayer thick- 
ness (Section 11.3.7) [56] and other readouts in support of operational hydrophobic 
matching. Flippase activity may provide some support for interfacial location (Sec- 
tion 11.3.7, Fig. 11.13d) [61, 62]. 


11.4.3 
Self-Assembly 


The method of choice to determine whether or not synthetic ion channels and 
pores act as monomers or supramolecular oligomers (Fig. 11.13, A vs B) is Hill 
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analysis of the dependence of activity on the monomer concentration (Section 
11.3.2) [21]. However, whereas nonlinear concentration dependence is solid evi- 
dence for the endergonic self-assembly of n (or more) monomers into active supra- 
molecules, linear concentration dependence does not confirm monomeric active 
structures. Meaningful and noninvasive methods to differentiate between exer- 
gonic self-assembly and unimolecular self-organization are needed (Hill plots at 
chemical denaturation) [66]. 

cm profiles from structural studies by circular dichroism or fluorescence spec- 
troscopy can be readily validated by comparison with results from function. Several 
labeling methods exist to study self-assembly under meaningful high-dilution con- 
ditions (FRET [6]; ECCD, exciton-coupled circular dichroism [67]). Validated cy 
profiles from structural studies or from other functions such as catalysis can be 
used to dissect self-assembly in water with self-assembly in the bilayer membrane 
(Fig. 11.13B, a vs b) [21]. 

Parallel and antiparallel self-assembly can be differentiated by voltage depen- 
dence: Parallel self-assembly of asymmetric monomers gives voltage-sensitive, anti- 
parallel self-assembly voltage-insensitive synthetic ion channels and pores [9]. 
Other indirect evidence from function such as inner diameters from Hill analysis 
of single-channel conductance (Section 11.3.3) or other size exclusion experiments 
is often used to support indications for supramolecular active structures; molecular 
modeling can be of help as well [3, 4, 10]. 


11.4.4 
Molecular Recognition 


Whereas functional studies on molecular recognition by synthetic ion channels 
and pores are straightforward (Sections 11.3.6 and 11.3.7), structural studies can 
be troublesome, naturally even more difficult than the structural studies of syn- 
thetic ion channels and pores as such (Sections 11.4.1 to 11.4.3) [4]. In brief, the 
meaningful questions remain similar: Where do the ligands and blockers act, how 
many of them are needed, and so on. Some methods described for ion channels 
and pores as such can be adapted to the study of molecular recognition. Most im- 
portantly, FDQ and also FRET can reveal whether host-guest complexes are 
formed in the membrane or in the water. Woodhull analysis is a unique method 
to measure the depth of molecular recognition within inclusion complexes [47]. 
Pseudo-rotaxanes with polymer blockers moving through pores can be large 
enough for structural and mechanistic studies by atomic force microscopy (AFM) 
[68]. 


11.5 
Concluding Remarks 


The objective of this contribution is to equip the supramolecular chemist entering 
the field with an introduction to the characterization of synthetic ion channels and 
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pores. Emphasis is on fundamental functional characteristics such as ion selectiv- 
ity, voltage gating, ligand gating, blockage, and so on. A brief introduction to the 
most common methods available to measure these activities is included at the be- 
ginning, and an introductory discussion of meaningful questions that can be ad- 
dressed in structural studies at the end. 

The material discussed is only the “ір of the iceberg." There is an extensive, 
highly developed analytical biophysics literature available on each topic described. 
Recommended leading references can be found in the bibliography, often intro- 
duced via an illustrative and simplifying application to synthetic ion channels and 
pores from our group. Arguably one of the biggest challenges faced by a supramo- 
lecular chemist entering the field is to find the right balance between synthetic cre- 
ativity and analytical depth, that is not to get lost in biophysics without being too 
superficial or even incorrect (and to hope for referees with an understanding of 
this balance). The introduction is, therefore, highly simplified and to a good part 
subjective, building on our own experience of years of research on the topic. It 
should, hopefully, suffice to serve as dependable guide to a well-balanced character- 
ization of an exciting new functional supramolecule. 
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12 
Theoretical Methods for Supramolecular 
Chemistry" 


Barbara Kirchner and Markus Reiher 


12.1 
Introduction 


Supramolecular chemistry [1, 2] comprises chemical processes of nanometer-sized 
molecules often interacting via many, comparatively weak, non-bonding contacts. 
An important and generic chemical process in supramolecular chemistry is molec- 
ular recognition in host-guest complexes?, which is, for instance, the basis of 
protein-substrate interactions in biochemistry. In general, reactions, in which a 
host or template takes care of a spatial pre-organization of a reactant prepared for 
a well-defined chemical reaction or molecular motion, play an important role in 
chemistry [3-11]. The number of template-assisted reactions known is steadily 
increasing though most of them are usually discovered by serendipity. Apart from 
such accidentally discovered (and often a posteriori recognized) template-assisted 
processes, the various reactants can often hardly be classified according to a unify- 
ing scheme because such reactions can be found in any branch of chemistry. It is 
therefore not surprising that a generally applicable model of host- or template- 
assisted reactions has not been developed yet. We should emphasize that a (ther- 
mochemical) model for intermolecular host-guest interactions and the theoretical 
means to quantitatively assess the static and dynamic processes involved in this 
model should be understood as the straightforward approach to theoretical supra- 
molecular chemistry. The quantitative description can then be transfered to other 
aspects of supramolecular chemistry like molecular switches and motors [12] in a 
straightforward fashion. 

The large number of atoms involved in supramolecular assemblies require 
sophisticated analytical methods of experiment and theory to selectively extract 
relevant information for the chemistry of a particular supramolecular aggregate. 


1) П. Part of a series of papers on the theory of 2) In the following, the discussion of host- 


template-assisted chemical processes (see for guest, template-substrate, or template-guest 
part I: J. Am. Chem. Soc. 127 2005, 8748— interactions shall be understood as a typical 
8756). model process occuring in supramolecular 


assemblies. 
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In principle, theoretical methods provide — by construction — an excellent space 
(and time) resolution since the molecular structure is an essential ingredient for 
any kind of more approximate modeling. In practice, however, accuracy is lost 
because the description of the intermolecular forces is approximate or when there 
are a limited number of time intervals in a simulation. Nonetheless, theoretical 
approaches can provide detailed information often not accessible by experiment. 

Naturally, quantum chemical approaches to molecular recognition are usually 
employed for selected systems since the complexity of these systems requires a 
system-specific analysis which makes it difficult to extract results of general valid- 
ity; for examples, see Refs. [13—16] for studies of molecular tweezers. Further 
examples are mentioned in a review article by Schatz considering ab initio calcula- 
tions on calixarenes and calixarene complexes [17]. Schatz concludes that although 
the systems are quite big, useful contributions have been made by ab intio calcula- 
tions. However, a general model is needed in order to make host-guest processes 
and template-assisted reactions accessible to a comparison of quantitative measure- 
ments and calculations, which may finally provide the basis for rational host de- 
sign and for the prediction of template effects (compare the recent attempt by 
Hunter [18]). 

In principle, the interactions between host and guest may be modeled by 
suitably constructed empirical potentials, which are widely used in traditional 
molecular mechanics. A different approach to intermolecular interactions is possi- 
ble through first-principles or ab initio theory, which is based on the fundamental 
principles of quantum mechanics and does not require any input of experimen- 
tal дата“. The broad and intellectually appealing idea of this reductionistic first- 
principles approach is to describe the motion and interaction of elementary 
particles, i.e. electrons and atomic nuclei. This approach is based on the laws of 
quantum mechanics such that any molecular assembly can be treated with the 
same methods and without additional adaptions of potential energy terms using 
empirical data from experiment. However, this elegant approach is associated 
with two drawbacks, which are the non-decomposable nature of a highly correlated 
electronic system (i.e. of the molecule or molecular assembly) and the very high 
computational costs. Hence, decomposition schemes – even if they are not in the 
spirit of the first-principles methods and in contradiction with holistic quantum 
mechanics — need to be developed to enable qualitative understanding. Also, fast 
first-principles electronic structure methods need to be devised in order to make 
such calculations feasible for large supramolecular aggregates. 

In addition, molecular recognition of a host and its guest is a typical dynamic 
process running through many local minimum structures until host and guest are 


3) Note that we use the terms first-principles and functionals instead. For this reason, some 


ab initio synonymously. Note also that density 
functional theory (DFT) is by construction a 
first-principles or ab initio theory. Of course, 
the exact exchange-correlation functional is 
not known and one uses approximate 


people tend to emphasize this semi-empirical 
nature of contemporary DFT. However, the 
number of parameters in present-day density 
functionals is usually embarassingly small 
while their range of applicability is enormous. 
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locked in a somewhat final configuration, namely in the host-guest complex. The 
explicit calculation of these dynamics provides an overwhelming amount of data, 
which needs to be evaluated statistically at the cost of a loss of information on rel- 
evant individual structures. It might, however, be possible in certain cases to map 
these complex dynamics onto relevant static structures, which are stationary points 
on the Born-Oppenheimer energy hypersurface. That this might be indeed possi- 
ble was confirmed, for instance, in the case of oligopeptide structures in solution 
by van Gunsteren and co-workers (see sect. 12.5 below for references). 

This account presents an introduction to the basic principles of quantum chem- 
ical methods and molecular dynamics simulations. Their applicability for the de- 
scription of well-known intermolecular interaction patterns like hydrogen bonds 
or л-л stacking is discussed. Decomposition schemes are mandatory for a chemi- 
cal understanding of host-guest complexes with a large number of attractive con- 
tacts. We propose an extension of a method for the calculation of hydrogen bond 
energies based on concepts known from ESCA spectrocsopy [19] (electron spec- 
troscopy for chemical analysis) and relate this method to comparable approaches. 
Moreover, in an effort to arrive at a general classification scheme for many differ- 
ent host-guest processes and template-assisted reactions we propose a generalized 
thermochemical scheme in close analogy to classical theories of chemical kinetics. 
As mentioned above, due to the complexity of these processes theoretical studies 
are usually restricted to special cases. A unifying view of the many different pro- 
cesses of template-assisted reactions and host-guest recognition has not yet been 
attempted. Accordingly, we first propose a general mechanism of template-assisted 
reactions, which also allows us to clarify the relation to related concepts (e.g. to ca- 
talysis). Although elementary in nature, these clarifications appear to be needed for 
a rational design of supramolecular processes. It can be expected that a general 
mechanism of template-assisted reactions and of host-guest processes then per- 
mits a reasonable decomposition of the involved free enthalpy contributions to 
chemically meaningful thermochemical quantities of elementary reactions. Within 
the proposed reaction scheme, it might be possible to derive thermodynamic and 
kinetic boundary conditions for the rational design of template-assisted chemical 
transformations. We call this model the thermochemical theory of template- 
assisted elementary reactions — in short: the TAR model. 

This work is organized as follows: Section 12.2 provides an introduction to the 
basic principles of quantum chemical and molecular dynamics methods. The focus 
is on the value of these methods for the description of supramolecular assemblies 
and processes. Section 12.3 discusses standard classifications for inter-molecular 
interactions, where the phenomenologically observed interaction patterns are ar- 
ranged into a small number of classes. In Section 12.4, we present selected decom- 
position schemes (mainly from our own work) and finally present in Section 12.5 
the generalized thermochemical TAR scheme for the static description of host- 
guest processes and of template-assisted reactions. Since a large number of studies 
deal with theoretical methods as a tool to complement the experimental data, we 
can only give a limited insight into the theoretical treatment of supermolecules 
that have appeared in literature. For this reason, the presentation of each approach 


421 


422 


12 Theoretical Methods for Supramolecular Chemistry 


is far from being complete. Thus, we can hardly overemphasize that a complete 
coverage of all relevant literature, i.e. an inclusion of all references dealing with 
the theoretical treatment of supramolecular assemblies — and also with theoretical 
and computational methods in general – is impossible owing to the width of the 
field. It was therefore only possible to include selected references as well as exem- 
plary, mainly recent studies which highlight particular theoretical approaches. We 
kindly ask the reader who is particularly interested in certain topics to also check 
the references in the literature cited here. For a collection of review articles of early 
computational approaches to supramolecular chemistry we refer the reader to the 
excellent and extensive book by Wipff [20]. 


12.2 
A Survey of Theoretical Methods 


In this section we present a brief overview of theoretical methods that can be em- 
ployed to obtain structural and energetic data on supramolecular assemblies. 
As pointed out in the introduction, quantum chemical first-principles methods are 
particularly appealing because all interactions between individual atoms and func- 
tional groups of host and guest are reduced to the interactions of elementary par- 
ticles. In principle, these methods can provide an optimum access to space and 
time resolution of the molecular processes involved. For computational, but also 
for conceptual, reasons it can be advantageous to map these first-principles results 
onto empirical force fields, which describe the interactions between sites. These 
sites can consist of atoms or functional groups. Simple force field expressions con- 
tain pair interaction terms like electrostatic Coulombic monopole-monopole 1/r 
terms or Lennard-Jones 6-12-potentials containing attractive —1/r$ and repulsive 
+1/r terms. In practice, these (classical) force-fields are often constructed intui- 
tively and pragmatically or through a coarse-graining ansatz (see Ref. [21] for tuto- 
rial reviews). Hence, their validity needs to be thoroughly investigated (compare 
the evaluation of force fields for the description of aromatic interactions of supra- 
molecular model systems in Ref. [22]). 

Classical force-fields, which are elements of an approach based on Newtonian 
mechanics, are very successful in polymer and biochemistry. They have been exten- 
sively applied in docking studies (see Ref. [23] for a very recent example), which 
cannot be reviewed here in detail. However, force fields have also been applied in 
other areas of chemistry and naturally to supramolecular chemistry. For instance, 
Müller and collaborators derived a force-field especially addressed to the inorganic 
host-guest species of polyoxovandates [24]. Polyoxometalates are an example for a 
class of compounds whose sizes range from small clusters to huge systems (cf. the 
beautiful wheel- and sphere-like polyoxomolybdates synthesized by Müller and col- 
laborators within the last decade [25-28]). While the huge systems are computa- 
tionally accessible only by force-field methods, their smaller relatives can be treated 
explicitly with first-principles methods. Rohmer and coworkers reviewed structures 
and reactivity of polyoxometalates [29]. They note that although a lot of empirical 
knowledge was gathered [30—32], only little effort [33, 34] was devoted to modeling 
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the formation of such molecules by quantum chemical first-principles techniques. 
The authors investigated quantum-chemically calculated molecular electrostatic po- 
tentials Vgsp, 





Vesp(r) = Yael [en e (12.1) 
A 


ВА -r ЕЕ’ 
| | | 


in order to gain insight into the host-guest interaction energy (see, e.g. Ref. [35] 
for a discussion of the Vgsp in chemical applications; units are chosen such that 
the pre-factor 1/(Алер) can be suppressed). The first term in Eq. (12.1) describes 
the sum of the point charge potentials of the atomic nuclei A with nuclear charge 
number Z4 and resulting charge Иде at position Ед, while the second refers to the 
contribution of the electronic density p at distance r. 

The electrostatic potential is commonly used as a means to understand possible 
channels for a substrate to approach a host on the basis of electrostatic interac- 
tions. As an example Fig. 12.1 depicts the electrostatic potential of a biomimetic 
arginine fork studied by quantum chemical methods [14, 36]. This artifical argi- 


: guanidinium = 
ө bisphosphonate 


tweezer 











(side view) 





(top view) 


Fig. 12.1. Electrostatic potential of a biomimetic arginine fork. (Red 
color: negatively charged bisphosphonate tweezer; blue color: positively 
charged guanidinium host; structures taken from Ref. 14.) 
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nine receptor molecule was developed by Schrader and coworkers [37, 38]. The re- 
ceptor complex in Fig. 12.1 consists of a bisphosphonate tweezer that clamps a 
guanidinium group of the guest (see also Refs. [39—42] for comparable bisphosph- 
onate receptor molecules by Schrader et al.). Structural and energetic information 
about this system has also been obtained from experimental NMR investigations 
and in parts from molecular mechanics calculations [38, 43]. The complex is 
designed to imitate the arginine-phosphonate diester interaction of the arginine 
fork [44], which is a key element in RNA- protein recognition. The relevance of 
understanding the interaction modes of such arginine/guanidinium moieties with 
phosph[on|ate or sulf[on]ate residues has been recently stressed [45]. The electro- 
static potential can give a first glance on these modes. However, the detailed inter- 
actions are best studied via first-principles methods to be introduced in the next 
section. 

Coming back to the case of polyoxometalates, Rohmer et al. [29] found that elec- 
tronically inverse host anions are formed in solution by means of a template mech- 
anism which tends to maximize the electrostatic potential at the place of the guest 
anion. These authors also provided a correlation between the topology of the host 
and its molecular electrostatic potential, which explains on the basis of simple 
geometric considerations the difference between electronically normal and elec- 
tronically inverse hosts. With the aid of this correlation it can be shown that the 
host cage tends to adapt not only to the shape of the guest molecule, but also to its 
electrostatic potential distribution [29]. 


12.2.1 
First-principles Methods 


Quantum chemical first-principles methods are based on the fundamental princi- 
ples of quantum mechanics. Despite the complicated nature of these methods, we 
try to give in this section a brief but comprehensive formal description of the most 
important ones. Technical and practical aspects are left aside as this scientific ac- 
count is not intended to be a manual for their usage. We may refer the reader in- 
terested in these aspects to the excellent general books on computational chemistry 
by Cramer [46] and by Jensen [47] or to the classic text [48]. 

The central physical quantity of interest for chemistry and supramolecular 
chemistry is the total electronic energy Ej of a molecular system consisting of N 
electrons and M atomic nuclei. This energy is the solution of the time-independent 
electronic Schródinger equation, 


Ha = Esta, (12.2) 


where Y4 denotes the total electronic wave function and Ни is the many-electron 
Hamiltonian operator, 
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which contains all Coulombic pair interaction energy operators 0; = qiqj/|ri — tjl 
(again, the 1/(Алер) factors have been removed through a proper definition of 
units) of two elementary particles i and j (qi, qj are their charges and |r; — rj| is 
their distance) and their individual kinetic energy operators fe, which are in 
the most simple, non-relativistic form equal to —h^/(2m,)V2 = —h?/(2m,)- 
(22 /0х2 + 02 /0y2 + 02/022). The solution of Eq. (12.2) provides the wave function 
Ча and the energy Ej. However, the solution is complicated. Decades of method 
development in quantum chemistry provided a diverse tool box of methods [49- 
52]. All of these methods start with an ansatz to approximate the electronic wave 
function V. 

The most simple ansatz Фу for the complicated function Py = Yaltı, 12, ... rN) 
which depends on 3N variables, namely, on the coordinates of all electrons, is an 
antisymmetrized product of one-electron functions, i.e. of molecular (spin) orbitals 


Vi; 
Va ж Фо = sf y (та), va (r2)... vw (rw), (12.4) 


where the spin variables have been omitted for the sake of brevity. This approxima- 
tion Фо to Wy is called a Slater determinant and represents the basis of the 
Hartree-Fock model [53]. The antisymmetrizer 27 ensures that the Pauli principle 
is fulfilled [54]. In order to calculate the electronic energy Ел, the orbitals y; need 
to be determined. By construction, they are the solution functions of self-consistent 
field (SCF) equations which read for each orbital џ;: 


2 
Ui + Yee ву) + Ци} | у (т) = ery; (ti). (12.5) 





The sum of all operators in brackets on the left hand side is called the Fock opera- 
tor f. The Coulomb and exchange operators, éc((vj]) and 6.({y;}), respectively, 
result from the electron-electron interactions terms бр in the Hamiltonian of 
Eq. (12.3). Advanced readers may notice that these equations are the canonical 
Hartree-Fock equations, which yield canonical orbitals and corresponding orbital 
energies cj. The subscript i at the electronic coordinate г; is not necessary but has 
been kept for the sake of consistency in this very brief presentation. Once the SCF 
equations are solved, which can be routinely accomplished with quantum chemis- 
try program packages (such as Gaussian [55], Turbomole [56] or Molpro [57] – see 
Ref. [58] for a list of programs) the electronic energy of a molecule can be 
calculated, 
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It was soon realized that the error introduced by the Hartree-Fock model, which is 
the so-called correlation energy AE = Eg — ЕЈ", is small for closed-shell systems 
(of the order of a few percent) but decisive for chemical reaction energetics. More- 
over, weak interactions of the van der Waals type cannot be described with such a 
single-determinant Hartree-Fock model. Consequently, Hartree—Fock calculations 
on supramolecular assemblies, whose interaction is governed by weak dispersion 
forces, cannot provide accurate quantitative results and are likely to yield a wrong 
qualitative picture. However, in certain cases Hartree-Fock results may be of value. 
For instance, Houk and coworker have investigated the role of [С-Н · - - 0] interac- 
tions in supramolecular complexes by means of dynamic and static Hartree—Fock 
calculations [59]. 

In order to improve on the Hartree-Fock model, the use of perturbation theory 
is common. The first energy correction is obtained at second order and the corre- 
sponding method is calles second-order Moller—Plesset perturbation theory (MP2). 
MP2 calculations provide a first estimate for the correlation energy AE, which 
turned out to be also useful for estimates of the interaction energy in cases domi- 
nated by dispersive interactions (see the next section for an overview on how inter- 
action energies can be calculated from total electronic energy estimates). 

Before we proceed to describe the basic ideas of post-Hartree-Fock methods, we 
should briefly recall that the orbitals y; in Eq. (12.5) are usually expanded in a fi- 
nite set of known basis functions 7, (often denoted linear combination of atomic 
orbitals - LCAO), 


у = 5 cy, (12.7) 
4-1 


so that the determination of the orbitals is equivalent to the determination of the 
expansion coefficients ca. For the calculation of these molecular orbital coeffi- 
cients, the Hartree-Fock Eqs. (12.5) are rewritten in matrix form (Roothaan equa- 
tions [60]) and can be solved with standard linear algebra techniques on com- 
puters. In the Roothaan equations, the Fock operator is then rewritten in matrix 
form, 


эе = (| ја] (12.8) 


A natural extension of the Hartree-Fock model is to approximate the electronic 
wave function V4 by an expansion in terms of many Slater determinants Фу, 


¥a= У СФ, (12.9) 
1=0 


which provide a suitable many-electron basis set comparable to the LCAO expan- 
sion of orbitals in terms of one-electron basis functions. For an infinite set of one- 
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electron basis functions, the number of Slater determinants is also infinite. Then, 
Y4 is represented exactly and the exact electronic energy, which also includes dis- 
persion effects correctly, is obtained. However, this comes with infinite computa- 
tional costs. Hence, methods needed to be devised, which allow us to approximate 
the infinite expansion in Eq. (12.9) by a finite series to be as short as possible. A 
straightforward approach is the employment of truncated configuration interaction 
(CI) expansions. Note that (electronic) configuration" refers to the set of molecu- 
lar orbitals used to construct the corresponding Slater determinant. It is a helpful 
notation for the construction of the truncated series in a systematic manner and 
yields a classification scheme of Slater determinants with respect to their degree 
of "excitation". Excitation does not mean physical excitation of the molecule but 
merely substitution of orbitals occupied in the Hartree-Fock determinant Фе by 
virtual, unoccupied orbitals. Within the LCAO representation of molecular orbitals 
the virtual orbitals are obtained automatically with the solution of the Roothaan 
equations for the occupied orbitals that enter the Hartree-Fock determinant. 

The excitation-classification produces the ClI-Singles-(S), CI-Singles-Doubles- 
(SD), CI-Singles-Doubles-Triples(SDT), etc. wave functions and corresponding 
electronic energies E'S, ECISD. ECISDT. etc, The higher the included excitations 
are, the more accurate the electronic energy is. However, this does not guarantee 
that the essential part of the correlation energy is captured in a computationally 
feasible model like CISD. Improved CI methods utilize a selected set of reference 
Slater determinants, which are then all included in the excitation process. The pre- 
selection of determinants guarantees that the most important determinants are 
incorporated as basis functions in the CI expansion. The most prominent scheme 
is the multi-reference doubles-CI method (MRD-CI) by Peyerimhoff and Buenker 
[61-63]. 

A conceptually straightforward improvement on the CI approximation is to re- 
optimize the molecular orbitals for a truncated CI expansion. This approach is 
called multi-configuration self-consistent field method (MCSCF) and its most 
prominent variant is the complete active space SCF method (CASSCF) [64]. In 
the first generation of MCSCF methods [65, 66], the CI coefficients C; in Eq. 
(12.9) are calculated from the CI eigenvalue problem for a given set of molecular 
orbitals, then the orbitals are re-optimized for these CI coefficients. This process 
is iterated until convergence is reached. Convergence is usually slow. The second 
generation of MCSCF methods therefore optimizes CI coefficients and orbitals si- 
multaneously where the Hessian of the total energy with respect to the variable pa- 
rameters (CI coefficients and molecular orbitals) is also utilized [67, 69]. 

In order to improve on the result of a truncated CI expansion, one may set on 
top of a CI-type calculation, a perturbation theory calculation to cover the missing 
small contribution to the correlation energy. Accordingly, CASSCF plus second- 
order perturbation theory is called CASPT2, CI plus second-order perturbation 
theory is called MR-MP2, and so on. 

The first-principles description of supermolecules requires particularly efficient 
computational methods and algorithms. None of the post-Hartree—Fock methods 
metioned so far bears this feature but they provide a reliable description of inter- 
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molecular forces. The CASSCF approach, for instance, scales exponentially which 
prohibits its use for large supermolecules. A solution to this problem came from a 
different direction. This other approach to the electron correlation problem is den- 
sity functional theory (DFT). The reason for the extensive use of contemporary 
DFT is its low cost while giving a comparatively good description of the electronic 
structure. 

The basic steps for the derivation of electronic energies within DFT are given 
in the following: The total ground state energy E, of the interacting electrons of a 
molecule with fixed nuclei at positions {Rz} can be calculated exactly according to 
the first Hohenberg-Kohn theorem [70] solely by using the electronic density p(r), 


р(т1) = м |а Biss [ars tale STEET ry)|^. (12.10) 


Hence, the electronic energy is a functional of the density Ед = Е[р(г)| instead of 
a functional of the orbitals Ej = Ej[(w;((r])] (see Eq. (12.6) for the explicit expres- 
sion in Hartree-Fock theory) However, the formally exact principles of DFT 
are connected with the drawback that the energy expression as a function of the 
density is not known. It can be approximated and is usually divided into different 
physically meaningful contributions (ie. an electron-electron interaction energy 
functional is formulated, which is decomposed in a classical Poisson-type electro- 
static interaction term and a rest term — the exchange-correlation functional – 
which is not known). 

In practice, almost all DFT calculations today are carried out within Kohn-Sham 
DFT [71], where the density is expressed by a set of orbitals. These Kohn-Sham 
orbitals are elements of a Slater determinant, which exactly describes a non- 
interacting fermionic N-particle substitute system with density р". The density 

F5 shall now exactly match the electronic density p of the molecule under consid- 
eration. In this way, the electron correlation problem is moved from the difficulty 
to construct the electronic wave function Фа to finding the unknown exchange- 
correlation energy functional. For a non-interacting fermionic system, which 
contains only local potential energy operators in the Hamiltonian, a single Slater 
determinant represents the exact wave function. The electronic density of a single 
Slater determinant can easily be computed from Eq. (12.10) to become the sum of 
the squared molecular orbitals, 


= Leer, (12.11 


(for the sake of brevity, we again neglected spin degrees of freedom and accord- 
ingly omitted the occupation numbers so that the sum is taken over N spin 
orbitals). 

For our purposes here, it is only important to know that Kohn-Sham DFT is 
algorithmically very similar to Hartree-Fock theory. Consequently, it is computa- 
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tionally much cheaper than the post-Hartree-Fock correlation methods described 
above, but it includes electron correlation effects through an explicit but unknown 
potential energy term, the exchange-correlation energy functional E,.[p]. The 
Kohn-Sham energy ЕК reads, 


M 
ELI] = TSH + [ 9r оор) + 5 [азер 
K=1 


M M 
+ Exc[p| + 5 ` DKK’. (12.12) 
K 


=1 K'>K 


This energy is an explicit functional of a set of the auxiliary functions, namely the 
Kohn-Sham orbitals {у}. The first term in the Kohn-Sham functional Eq. 
(12.12) is the kinetic energy T of the non-interacting reference system, 


N KS h? 
ту = >> |а") ЕЗ0 (1243) 


izi 2m, 


which is in form identical to the Hartree-Fock kinetic energy. The E,.[p] term in 
the Kohn-Sham energy functional is the exchange-correlation density functional. 
The electronic exchange and correlation effects are lumped together and basically 
define this functional as the remainder of the exact DFT energy and its Kohn- 
Sham decomposition. In the last term iru s x xx’ the interaction energies 
of the bare nuclear charges are added. 

As in the case of Hartree-Fock theory, the Kohn-Sham orbitals y/ are obtained 
from SCF equations, 





2 M 
| LIV + 2. bex(r) + ёс[р®®(т)| "ышт ук (т) = Ky ES (т), (12.14) 


which are the canonical Kohn-Sham equations. They ensure that the solution 
functions y? yield a minimum of the Kohn-Sham energy functional ЕК. These 
equations are one-particle equations involving an effective one-particle Hamilto- 
nian А (т), which is the collection of operator terms within the braces in Eq. 
(12.14). 

In practice, only approximate expressions are known for the exchange- 
correlation density functional F,,{p] and the most important ones stem from two 
classes: the ‘generalized gradient approximation’ (GGA) functionals also called 
‘gradient-corrected’ functionals and their combination with the exact exchange en- 
ergy expression i$ af yr * By wKS known from Hartree-Fock theory denoted hy- 
brid functionals. The approximate nature of these functionals manifests, for exam- 
ple, in the fact that —1/r dispersion terms in weak complexes are not described 
properly. If the exact exchange-—correlation functional would be known, every inter- 
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action would be described exactly (Hohenberg-Kohn theorem). However, the elec- 
tronic density of two fragments decays exponentially and the contemporary func- 
tionals do not provide a small but important attractive binding energy assigned to 
a dispersion interaction. 

To increase the accuracy of the present-day exchange-correlation functionals for 
problems of van der Waals type various cooking recipes have been tested: meta- 
GGAs, which in addition to the density and its gradient include also second deriv- 
atives (for examples see Refs. [72, 75]), GGAs in combination with an (empirical) 
1/r$ van der Waals correction term, the weighted density approximation [76, 77] 
and time-dependent density functional theory [72]. GGAs and 1/r® van der Waals 
corrections terms have already been applied to correct the Hartree-Fock energy, 
see Ahlrichs et al. [78]. Based on Anderson, Langreth and Lundqvist [79] the van 
der Waals term is corrected for both separated uniform electron gas and separated 
atoms with an explicit 1/r term. Others [80-84] include an empirical 1/r$ term. 
Johnson and Becke developed a correction scheme based on the idea of parameter- 
izing the 1/r contribution generated by the instantaneous dipole moment of the 
exchange hole [85]. Roethlisberger and coworkers proposed a correction term 
based on pseudopotentials tailored for molecular dynamics simulations [86, 87]. 
Another approach (DFT-D) to semi-empirically correct for the lack of weak forces 
in contemporary DFT was introduced by Grimme [81]. This empirical scheme 
was successfully applied by Parac et al. who presented a quantum chemical study 
of host-guest systems with dimethylene-bridged clips and tetramethylene-bridged 
tweezers as host molecules and six different aliphatic and aromatic substrates as 
guests [88]. The DFT-D scheme [81] provides accurate geometries, which compare 
well with crystal structures. By a partioning of the host into molecular fragments it 
was shown that the binding energy is clearly dominated by the dispersion interac- 
tions of the aromatic units of the clip. An energy decomposition analysis of the in- 
teraction energies of some tweezer complexes revealed the decisive role of the elec- 
trostatic and dispersion contributions for relative stabilities (compare also Section 
12.3). With the help of these calculations [88] it became evident that the benzene- 
spaced tweezer is a better receptor for aliphatic substrates than its naphthalene an- 
alog which possesses a better topology for the binding of aromatic substrates. 

Apart from these supramolecular approaches to the interaction energy, advanced 
perturbation theory techniques, which combine symmetry-adapted perturbation 
theory and DFT and are thereby able to capture dispersion interactions, are also 
under development [89—91]. 


12.2.2 
The Supramolecular Approach and Total Interaction Energies 


In the last section, we introduced methods which can be employed to calculate 
the total electronic energy Ej; for a given molecule with fixed nuclei. The step- 
wise calculation of electronic energies for various nuclear configurations allows 
us to scan essential parts of the potential energy hypersurface (the so-called 
Born-Oppenheimer surface) on which nuclear motions and chemical reactions 
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take place. For a simple thermodynamic picture of chemical reactions, it is neces- 
sary to localize stationary points on this hypersurface, which are the valleys of reac- 
tants and products. Then follows a subtraction of these energies in order to assign 
the energy difference to the intrinsic (electronic) reaction energy. Vibrational and 
other corrections can be included afterwards to account for finite-temperature ef- 
fects through a so-called frequency analysis (see, e.g. [46, 47, 92, 93]). 

Interaction energies are thus well-defined, but more than one definition is possi- 
ble as we shall see in the following. For modeling the interactions of molecules in 
a supramolecular assembly one may define a chemical reaction like 


host + guest — [host-guest] 


complex 


with associated (purely electronic) reaction energies calculated via first-principles 
methods. For the energetic classification of the optimized structures, the (standard) 
expressions for interaction energies can be defined. Intrinsic interactions energy at 
0 Kelvin, Er, can be calculated within the supramolecular approach 


Еј = Ед complex = [Еа host t E, guest] frozen (12.15) 


in order to determine the total strength of the various bonding patterns that clamp 
together the guest and its host. The absolute energies Ем are directly computed with 
quantum chemical methods. The explicit expression for the calculation of the abso- 
lute energy depends on the electronic structure method applied (as discussed ex- 
plicitly in the last section for the Hartree-Fock and Kohn-Sham DFT energy ex- 
pressions in Eqs. (12.6) and (12.12), respectively). 

Interaction energies calculated at unrelaxed fragment structures describe the 
intrinsic interaction strength. These energies neglect intramolecular relaxation ef- 
fects of host and guest, which would reduce the interaction energy. For comparison 
of different conformers, one may calculate differences of interaction energies, 


АЕ = Eri — Er ref (12.16) 


with respect to a selected reference structure denoted ‘ref’, which may be, e.g. the 
absolute minimum structure in a sequence of configurations under consideration. 
(Reaction) energies for adiabatic interactions, which also incorporate the structural 
relaxation of the fragments, can be defined as differences between total electronic 
energies of minimum structures, 


D, = Еа complex = [Еа host + Ей, guest] relaxed (12.17) 
or as relative total energies, 


AD, = Dei = De, ref == Ecomplex, = Бре (12.18) 
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if various complexes i shall be compared energetically. For the calculation of the 
binding energy Do, the zero-point vibrational energy (ZPE) differences must be 
added to the total electronic energy differences, 


Do = D; + ZPE, (12.19) 
which allow the calculation of zero-temperature-corrected relative energies ADo, 
Аро; = AD, ; + AZPE,, (12.20) 


for the comparison of different optimized conformer structures. 

The quantum chemical standard model for the inclusion of finite-temperature 
effects, i.e. for the calculations of enthalpies and entropies at a given temperature, 
comprises simple model assumptions for the molecule under consideration. The 
central quantity is the molecular partition function, whose translational, vibra- 
tional, and rotational parts are calculated for an ideal gas in a box, for vibrations 
within the harmonic approximation, and for a classical rigid rotor, respectively. Ob- 
viously, this standard quantum-chemical model is far too limited to provide reliable 
enthalpic and entropic data, especially when the interactions are weak. Also note 
that the entropy calculated within these approximations does not necessarily ac- 
count for all entropy contributions stemming from the conformational flexibility 
of, for instance, a host if many energetically close-lying (near degenerate) local 
minimum structures exist and only one of these minimum structures is taken 
into account. 

To conclude this section, we reprint in Table 12.1 a comparison of interaction en- 
ergies for a hydrogen-bonded complex, which models interactions within amide ro- 


Tab. 12.1. Total interaction energies E, of the multiply-hydrogen- 
bonded complex in Fig. 12.2 in К) то". BHLYP is a hybrid density 
functional which features 50% admixture of exact Hartree—Fock-type 
exchange, AM1 and PM3 are semi-empirical models, which are an 
efficient approximation to the Hartree-Fock method, and CCSD is а 
coupled-cluster model. 





Method Basis set D, 

BHLYP DZ —67.3 
BHYLP DZP —54.8 
BHYLP TZP —43.9 
AM1 —31.4 
PM3 —12.1 
MP2 TZP —41.8 


CCSD TZP —39.3 
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Fig. 12.2. Lewis (left) and optimized structure (right) of a hydrogen- 
bonded model complex with interaction features as present in 
rotaxanes. 


taxanes (see Fig. 12.2), as calculated with different first-principles methods and basis 
sets taken from Ref. [94]. A typical picture of the range of calculated interaction 
energies for a multiple-hydrogen-bonded complex emerges from this table. 


12:2.3 
The Time Dimension: Molecular Dynamics 


So far, our discussion has focussed on stationary quantum chemical methods, 
which yield results for fixed atomic nuclei, ie. for frozen molecular structures 
like minimum structures on the Born-Oppenheimer potential energy surface. Pro- 
cesses in supramolecular assemblies usually feature prominent dynamical effects, 
which can only be captured through explicit molecular dynamics or Monte Carlo 
simulations [95-98]. Molecular dynamics simulations proved to be a useful tool 
for studying the detailed microscopic dynamic behavior of many-particle systems 
as present in physics, chemistry and biology. The aim of molecular dynamics is to 
study a system by recreating it on the computer as close to nature as possible, i.e. 
by simulating the dynamics of a system in all microscopic detail over a physical 
length of time relevant to properties of interest. 

For large molecular aggregates only classical mechanics can be applied to 
describe the nuclear motion of the particles through Newtonian-type equations 
of motion. This is an approximation, which may only fail if the motion of light 
particles such as protons needs to be accurately described. If the latter is the case, 
explicit nuclear quantum dynamics is required. Such extensions that include quan- 
tum effects [99, 100] or that incorporate full quantum dynamics have been explored 
[101]. 

The equations of motion may be written in various ways. We assume that a sys- 
tem of M particles interacts via a potential V. The particles are described by their 
positions R and conjugated momenta P. In the following sets of all positions 
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(R4, В2,...Вм} and momenta (P4, P5,... Py} are abbreviated as ВМ (= (Rj]) and 
P™. The equations of motion can be derived from the Euler-Lagrange equations, 


dog L 
dtoR; OR; ^ 








(12.21) 


where the Lagrangian functional Z is defined as kinetic T minus total potential 
energy V, 





M 
d 1 А 
(ВМ, ВМ) =т- у= У : MR? — V(R™), (12.22) 


where М; denotes the mass of nucleus I. Alternatively Hamilton’s formalism can 
be applied, 


H(R™,R™) = = oR" РМ (ВМ, ВМ) =Т+У 


M 


р? 
= Ам У (12.23) 


with H being Hamilton's function, i.e. the total energy of the system. The force Е; 
on particle I is obtained as a partial derivative of the potential V, 


_ QV(R") 


12.24 
JR, (12.24) 





F;(RM) = 


In practice an analytical function like for example the Lennard-Jones potential is 
used for the potential, such that the derivative with respect to R; can be easily cal- 
culated. The equations of motion according to Hamilton's formulation of classical 
mechanics read [102] 


, ôH P 
Ё; = = (12.25) 
oP; М; 
дн aVv(R™) 
OR; OR; 











Р; = F;(RM). (12.26) 


From this Newton's second law is obtained by taking the time derivative of the first 
and equating it to the second part of Hamilton's equations, 


МВ, = F;(R™). (12.27) 


Now numerical integration can be carried out to find the solution, i.e. the trajec- 
tory, which represents a collection of sets of nuclear coordinates RM for the given 
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time steps. One of the most prominent algorithms for this purpose is due to 
Stórmer and Verlet [95, 96]. 

In the extended system approach, additional degrees of freedom that control the 
quantity under consideration can be added to the system [95, 96, 103, 104]. There- 
by thermostats or barostats can be simulated [105—107], which provide a quality of 
modeling thermodynamic processes hardly reached by the stationary quantum 
chemical methods discussed in the previous two sections. 

The description of the forces Е; is essential for the outcome of simulations [108, 
109]. In traditional molecular dynamics simulations, the forces on the particles are 
obtained as derivatives of the potential, which is usually constructed in a pairwise 
additive fashion, 


У(ЕМ) = 35$ dip) (Ву), (12.28) 


I рі 


for the sake of simplicity. Additional many-body correction terms аге more difficult 
to derive and to parametrize in traditional force-field molecular dynamics (compare 
also Section 12.3.1). One possible solution to this problem is to use polarizable 
force fields that make up for the neglect of such effects. A second way to circum- 
vent this problem is to use first-principles simulations which explicitely include co- 
operative effects in the description of the system by definition. This is because in 
first-principles simulations the whole electronic structure of the system is known for 
each nuclear configuration at the corresponding time step (see below). 

As an example for a traditional MD study of template-assisted crown ether syn- 
thesis we refer to the work by Oh and coworkers [110] who carried out a systematic 
study of the template effects involved in the synthesis of monobenzo-15-crown-5- 
ether with the aid of molecular dynamics simulations. They investigated the effect 
of different metal ions, namely Lit, Ма“, К”, Rb*, and Cs*. The simulations for 
each ion at different temperatures show that Li* and Na* have exerted a markedly 
favorable effect for keeping the two pertinent atoms of the ether in close proximity. 
For Li* and Na* this is independent of temperature, but complexation for all other 
metals is strongly temperature dependent. The authors also employed Hartree- 
Fock calculations to determine the minimum energy reaction path of a model com- 
plex from which they determined a characteristic distance for the ring being in a 
closure state [110]. Calculation of the fraction of time in which the ring would 
stay intact with the help of the closure distance showed that the fraction of this 
closure-state time decreases in the following order: Lit ~ Ма“ > K* ~ Ер" ~ Cst. 

First-principles simulations are techniques that generally employ electronic struc- 
ture calculations “on the fly". Since this is a very expensive task in terms of com- 
puter time, the electronic structure method is mostly chosen to be density func- 
tional theory. Apart from the possibility of propagating classical atomic nuclei on 
the Born-Oppenheimer potential energy surface represented by the electronic 
energy V(RM) = Ej(RM), another technique, the Car-Parrinello method, emerged 
that uses a special trick, namely the extended Lagrangian technique. The basic idea 
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of the Car—Parrinello method is to map a two-component classical/quantum sys- 
tem onto a two component purely classical system. This means that the electrons, 
which require a quantum mechanical description, are now also treated according 
to classical mechanics. The extended Lagrangian proposed by Car and Parrinello 
[111] reads 


ов, ВМ, (y), {y} = > Miki +555 Тису 


а (vi s RH. (12.29) 


Note that the extended Kohn-Sham energy functional ЕК is dependent on the or- 
bitals {и} and implicitly on RM through the electron-nucleus attraction terms 
as well as through the nuclear repulsion energy. The corresponding Newtonian 
equations of motion are derived from the associated Euler-Lagrange Eqs. (12.21) 
with Z = ер for the nuclear positions and for the orbitals, 


d 0.9 Fcp 





= = ek 12.30 
dt дуо | ду ( ) 
This yields the Car-Parrinello equations of motion, 
ма = = +». EPT us (12.31) 
s OR, 20061 * POE 4 | 
2 бЕК5 
uý (t) = E aga + aw (12.32) 


for Car-Parrinello molecular dynamics (CPMD) simulations, where is a new 
parameter, namely the so-called fictitious mass or inertia parameter assigned to 
the orbital degrees of freedom. A broad discussion on how to adjust this mass 
parameter and a detailed introduction to CPMD can be found, for instance, in Ref 
[101] – compare also Ref. [112]. 

In Section 12.2.2 above, we considered the standard model of quantum chemis- 
try for the calculation of thermodynamic functions and their temperature depen- 
dence. In the quantum chemical standard model it is particularly difficult to assess 
the entropy loss stemming from the reduction of configurational degrees of free- 
dom upon recognition of a guest by its host. Loosely speaking, the time dimension 
in molecular dynamics allows one to use the configurational space scanned by the 
trajectory for the calculation of entropic contributions although this is also notori- 
ously difficult in MD simulations (see Refs. [113-115] for approaches to estimate 
entropic contributions in molecular dynamics simulations and Refs. [116, 117] 
and, in particular, Ref. [118] for applications). Instead of the entropy, it is usually 
easier to calculate free energies in molecular dynamics simulations (for instance, 
via thermodynamic integration or umbrella sampling [95]; see also the most recent 
work by Kastner and Thiel [119]). 
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12.2.4 
A Technical Note: Linear Scaling and Multiscale Modeling 


Because of the size of supramolecular assemblies, one aims at the development 
of first-principles methods which scale linearly or sub-linearly with system size for 
technical reasons. This means that if the size of the supramolecular assembly is 
doubled this will only require twice as much computer time. The physical reason 
why one may assume that first-principles methods should scale linearly is the fact 
that systems which show little "electronic coupling" like chains or assemblies of 
individual molecules or even polypeptide chains should require only an additive 
amount of computer time upon system enlargement resulting in a linear scaling 
quantum chemical method. However, standard first-principles formalisms do not 
feature linear scaling. For instance, the calculation of the two-electron Coulomb 
and exchange integrals resulting from the óc and 0, operators in Hartree-Fock 
theory scales like m* with m being the total number of basis functions in the basis 
set of Eq. (12.7) [53]. This is the computer time-determining step as all other steps 
require less effort in Hartree-Fock calculations (e.g. the diagonalization of the 
Fock matrix f in the Roothaan equations scales like m?). Consequently, if the size 
of а supramolecular assembly is doubled, a Hartree-Fock calculation would take 
about 16 times longer [(2m)* = 2* x m^ = 16 x тї]. Hence, it is important to in- 
troduce technical tricks to reduce the costs of first-principles calculations. In this re- 
spect, many different technical improvements have been achieved within the last 
decade and we mention some of them in this sub-section. 

Before we list methods which aim at a reduction of the scaling without the 
introduction of additional approximations, we should mention that very early 
approaches involved the introduction of crude approximations to make first- 
principles methods computationally feasible. These approaches are the so-called 
semi-empirical methods. Various integrals occuring in the expression of the 
Hartree-Fock energy in Eq. (12.6) are then neglected or approximated using data 
from experiment. Although empirical data are used to parametrize the large 
number of multi-electron integrals, semi-empirical methods are still quantum me- 
chanical in nature. These approximations limit, however, the precision of semi- 
empirical methods, particularly when studying molecules that were not present 
in the initial parameterization procedure. Among the most widely used semiempir- 
ical methods are MNDO (Modified Neglect of Differential Overlap) [120], AM1 
(Austin Model 1) [121], and PM3 (Parametric Model number 3) [122]. These meth- 
ods are parametrizations of the Neglect of Diatomic Differential Overlap (NDDO) 
integral approximation [47]. 

Owing to the size of supramolecules semi-empirical methods are still in use. 
For instance, semi-empirical PM3 calculations were carried out for metalacryp- 
tands and metalacryptates and with lead as metal the theoretically predicted favor- 
able cryptand formation was subsequently verified experimentally [123]. In another 
example, the rate of shuttling motions in rotaxanes was examined with semi- 
empirical AM1 calculation by Ghosh et al. [124] who generated different structures 
with a Monte Carlo procedure and subsequently optimized low-energy conformers. 
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A more accurate treatment requires to reduce the size of the system and to use 
model compounds. E.g. Schalley and coworkers [125, 126] carried out DFT calcula- 
tions in order to gain insight into the details of the hydrogen bond patterns in- 
volved in the formation of mechanically interlocked species such as amide rotax- 
anes, catenanes, and knots. 

A major concern connected with the application of semi-empirical methods to 
supramolecular problems is that these methods were parameterized to reproduce 
molecular rather than intermolecular properties. Over the last few years there have 
been some efforts to improve treatment of the core parameters in semi-empirical 
methods that play a large role in the nonreproducibility of experimental data [127]. 
A special problem of semi-empirical methods is that they present an unphysical 
stabilization effect for short-range Н... H interactions: see the analysis of intermo- 
lecular Н... H interactions in supramolecular chemistry [128] and the history of 
semi-empirical calculations for this purpose cited therein. 

Coming back to linear-scaling first-principles calculations without introducing 
severe approximations, we first note that quantum chemists distinguish two mea- 
sures of scaling, a formal and an asymptotic scaling (compare also the review by 
Goedecker [129]). While the first refers to an implementation that ignores natural 
sparsity, the second applies to large systems where sparsity of matrices can be fully 
exploited (see, for instance, Refs. [130-136] for examples). With the advent of 
methods enabling the construction of the Fock matrix to be done with a computa- 
tional effort that scales linearly with system size, the diagonalization step for solv- 
ing the Roothaan equations becomes the new computational bottleneck. It is, how- 
ever, possible to reformulate the SCF problem in terms of a minimization of an 
energy functional, which depends directly on the density matrix elements, by con- 
jugate gradient methods taking advantage of the fact that the density matrix is 
sparse for extended systems [137, 138]. 

The steep fourth-order scaling of the Coulombic term reduces naturally to m? 
in the asymptotic limit, while the scaling of the exchange term is asymptotically 
linear in insulators. However, linear scaling is reached only for very large systems. 
Screening and fast multipole techniques have reduced the asymptotic quadratic 
scaling of the Coulomb term to linear or near-linear (m log m) scaling. Another 
technique expands the charge distribution into auxiliary basis function and is 
called density fitting or resolution-of-the-identity technique [139, 140]. Wave- 
function-based correlation methods can also be implemented in a linear-scaling 
fashion using the idea of locally correlating orbitals, which has largely been devel- 
oped by Werner and collaborators [141—143]. Of course, these techniques apply best 
when the electronic structure is also local rather than delocalized over a large spa- 
tial region (compare a polypeptide versus a graphite-like supermolecule as synthe- 
sized in the group of Müllen [144]). 

In multiscale modeling approaches the microscopic behavior of a system is 
linked by a compression operator to the macroscopic state variable. The strategy is 
then to use the microscopic model to provide necessary information for extracting 
the macroscale behavior of the system. Such a combined macro-microscale tech- 
nique is supposed to be much more efficient than solving the full microscopic 
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model in detail (in the volume by Attinger and Koumoutsakos [145] various 
methods of multiscale modeling to bridge different length and time scales are 
discussed). 

An introduction to coarse graining in the context of molecular dynamics, Monte 
Carlo, and other techniques to be applied to soft matter was given in a series of 
lectures published by the John von Neumann Institute for Computing [21]. Such 
large scale techniques [21, 95, 96] are also applied to supermolecules. For example, 
Peroukidis et al. [146] introduced a simple molecular theory that relates the self- 
organization observed in certain systems to their molecular structure. The inter- 
actions are modeled by subdividing each molecule into a number of submolecular 
blocks. Thereby the phase diagram of fullerene-containing liquid crystals could be 
understood in terms of a simplified coarse-grained model. 

Huge systems like DNA are not accessible by traditional first-principles algo- 
rithms as employed in electronic structure theory. However, first-principles elec- 
tronic structure methods are often needed in order to achieve the necessary level 
of accuracy for either benchmark calculations that may serve as a reference or in 
cases where a detailed molecular picture is mandatory. It is therefore desirable to 
further develop ab initio and DFT methods in the context of multiscale modeling 
[147]. Examples for extended first-principles CPMD calculations on electronic and 
optical properties of DNA and on the reactivity of radical cations can be found in 
Refs. [148—150]. 

In a different approach one aims at a combination of fast molecular mechanics 
(MM) force-fields with a quantum mechanical (QM) description of the relevant 
spatial region. See Refs. [151—155]) for reviews of these QM/MM techniques. 


12:2:5 
How to Make the Connection to Experiment? 


We have seen in the preceding sections that it is possible to explicitly model the 
molecular energetics and dynamics of a supramolecular assembly. Here, we shall 
briefly comment on how to calculate physical quantities that can be directly com- 
pared with experimentally measured observables, which is essential if theoretical 
descriptions and predictions are to be of any meaning. Of course, this endeavor 
is not special to supramolecular chemistry but is a general task in theoretical 
and computational chemistry. In supramolecular chemistry, however, new compli- 
cations arise owing to the many particles involved. Therefore, it is necessary to 
selectively extract the relevant information needed to describe the features of the 
supramolecular assembly. 

But note that it is not only the proper choice of theoretical methods that deter- 
mines the accuracy and predictive power of the results obtained. The latter is also 
largely determined through the molecular model set up. A theoretical description 
necessarily requires a structure model that should be designed so as to resemble 
the "real" system as closely as possible. Nevertheless many calculations are carried 
out on isolated supramolecular assemblies thus neglecting all environmental 
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effects such as solvent effects. Of course, solvent effects can be decisive which has 
long been known from organic chemistry [156] but the study of the intrinsic 
effects in an isolated system is possible experimentally in gas-phase experiments 
like those using a Fourier-Transform Ion Cyclotron Resonance spectrometer (ac- 
cordingly, technical papers then often missleadingly call the isolated-system calcu- 
lations as "calculations in the gas-phase"). As a special example for a theoretical 
study with particular emphasis on the role of a solvent we mention the work by 
Wipff and coworkers who considered the behavior of host-guest ion complexes at 
the water/supercritical-CO; interface [157]. Their paper focused on the aspect of 
self-assembly, i.e. at the local increase of concentration at the interface between 
the two solvents. The authors find two main features: (i) host-guest interactions 
between macrocyclic molecules and hydrophilic ions allow the transport of the lat- 
ter from the aqueous to hydrophobic medium, and (ii) formation of supramolecu- 
lar structures occurs at the interface [157]. 

It is important to note that solvent molecules can build attractive contacts to 
supramolecular assemblies of the same strength as within the supramolecular as- 
sembly. The appropriate modeling of these effects is then decisive. In principle, two 
simple approaches are possible: (i) microsolvation where individual solvent mole- 
cules are added to the isolated supramolecular assembly and (ii) dielectric contin- 
uum models where the solvent is viewed in a static and statistical manner as a 
dielectric continuum. Roughly speaking, the first approach neglects the fact that 
individual solvent molecules in optimized structures are not an appropriate model 
of a fluctuating bulk of solvent molecules while the second approach neglects the 
fact that classical electrostatic models do not fully capture strong individual and 
partially covalent contacts of solvent molecules to the supramolecular assembly 
(e.g. through hydrogen bonds). An optimum choice for modeling solvent interac- 
tion is a first-principles molecular dynamics approach with periodic boundary condi- 
tions as provided by CPMD. For discussion of solvent effects in complex molecular 
systems with static and dynamic theoretical methods we refer the interested reader 
to the review in Ref. [158]. 

The most important information to be extracted from either experiment or theory 
is structural information. In first-principles methods this information is readily avail- 
able. Experimentally, it may be extracted directly from diffraction techniques. While 
X-ray diffraction provides information on solids, which means on "frozen" struc- 
tures, other techniques like neutron diffraction can provide statistical information 
like pair correlation functions that are also easily obtained from a molecular dy- 
namics trajectory. 

The next important quantity is the interaction energy, which may be obtained ex- 
perimentally through the measurement of association or complexation constants K 
(for instance, via Fourier-Iransform Ion Cyclotron Resonance mass spectrometry 
or Nuclear Magnetic Resonance (NMR) spectroscopy; see also the other chapters 
in this volume) that are related to the total free enthalpy change AG of the host- 
guest complexation through 


AG = — RT ln К. (12.33) 
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Also, various spectroscopic quantities can be calculated in order to test experimen- 
tal assumptions: Once a structure of a supramolecular assembly has been assumed, 
optimized or propagated in time, properties like vibrational frequencies, infrared, 
Raman [93], or Resonance Raman [159] intensities, NMR or EPR parameters can 
be calculated with first-principles methods to be compared with the experimentally 
measured spectra in order to confirm or reject the structural basis assumed in the 
interpretation of the experimental spectra. It is impossible to review the work and 
achievements of theoretical chemistry in this respect. Therefore, we concentrate on 
selected examples in the following. The interested reader is referred to the book by 
Kaupp, Bühl and Malkin [160] for the calculation of NMR and ESR parameters and 
to Refs. [161, 162] for more general discussions of molecular property calculations. 
NMR parameters are molecular properties probed at atomic nuclei and thus ideal 
for linear-scaling or empirical approaches. An efficient linear-scaling method for 
supramolecular systems has been presented recently [163]. 

Not all molecular properties are, however, of local nature, which lend themselves 
to efficient computational schemes. Molecular vibrations are typically non-local and 
delocalized. Nevertheless, it is possible even in such cases to design a tailored quan- 
tum chemical method, the Mode-Tracking protocol [164], for the selective calcula- 
tion of only those vibrations relevant for a certain scientific context. For the selec- 
tive calculation of various types of vibrational spectra we refer the interested reader 
to the reviews in Refs. [165, 166]. It should be mentioned that molecular dynamics 
simulations offer different routes to spectra through autocorrelation functions. 

The Mode-Tracking idea originated from the fact that the standard quantum 
chemical calculation of vibrational spectra within the harmonic approximation re- 
quires the calculation of the complete Hessian matrix [92]. The Hessian is the ma- 
trix of all second derivatives of the electronic energy E, with respect to the nuclear 
coordinates ВМ. Its calculation gets more computer time demanding the larger the 
molecule is. However, many if not most vibrations of a supramolecular assembly 
are of little importance for the function and chemical behavior of this assembly. 
To provide a solution to the problem of the seemingly inevitable calculation of all 
vibrational modes independent of the size of the system, a formalism was sug- 
gested [164], which turns the standard quantum chemical procedure upside 
down. The central idea of this mode-tracking principle consists of two parts: First, 
one defines a suitable guess vibration, which maps the scientific issue one is inter- 
ested in onto one or more selected collective distortions of the equilibrium posi- 
tions of the atomic nuclei. For example, tracking a stretching vibration simply re- 
quires to start with a simple bond elongation. These guess vibrations represent the 
first approximation for the sought-for normal vibration. Second, the mode-tracking 
principle requires a refinement step, in which the terms missing in the guess vi- 
brations are constructed automatically until the converged normal mode can be ex- 
pressed as a superposition of the guess and additional orthogonal basis vectors, 
which are constructed from the residual vectors. The convergence of these calcula- 
tions is in general very good as we have shown in an extensive study [167]. 

As an example, Fig. 12.3 depicts a Zn-porphyrin-potassium-crown-ether com- 
pound for which the coordination mode of the cyanide ligand could not be un- 
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Fig. 12.3. Top and side views of the СМ“ isomer of the Zn-porphyrin— 
potassium-crown-ether compound discussed in the text. 


ambiguously identified by X-ray spectroscopy. It was thus uncertain whether CN ^ 
binds via nitrogen (NC isomer) or via carbon (CN isomer) to the Zn atom. In order 
to investigate this case we ran mode-tracking calculations for the C=N stretching 
vibration [168]. Note that it was not necessary to simplify the substitution pattern 
of the porphyrin in this efficient approach. 

The two isomers are energetically separated by 24.2 kJ mol"! (although this is 
the pure electronic effect, i.e. at 0 Kelvin without zero-point vibrational energy cor- 
rection, the energy difference is not likely to change upon inclusion of temperature 
effects on entropy and enthalpy owing to the similar structure of the two isomers). 
Based on the relative energy of both isomers, the conclusion was drawn that the 
CN isomer is the one, which has been obtained in experiment [168]. The subse- 
quent mode-tracking calculations converged fast within only two iterations (start- 
ing from a pure CN bond elongation as a guess for the stretching mode) to the har- 
monic wavenumbers. For the CN and the NC isomer, we obtained 2152.8 ст! 
and 2133.1 ст“ !, respectively [168]. The difference of about 20 ст! is not signifi- 
cantly large in order to distinguish the two isomers from one another within the 
quantum chemical methodology employed, as they depend on the harmonic ap- 
proximation as well as on the density functional and basis set chosen. The experi- 
mental IR spectrum shows a very weak peak at 2131 cm! and it is thus tempting 
to assume that this stems from the NC isomer [168]. However, one should keep 
in mind that the calculated frequencies obtained within the harmonic approxima- 
tion should deviate from experiment. But we might make use of more information 
obtained in the vibrational spectrum, namely the infrared intensities. The vanish- 
ing peak in the experimental IR spectrum is rather unusual for СМ” coordinated 
to a Zn porphyrin. However, it compares well with the small intensity calculated 
for the CN isomer. But the intensity calculation for the NC isomer also yields a 
less intense peak though its intensity is almost twice as big as in the case of the 
CN isomer. Despite the factor of two, both intensities are small and the energy 
criterion, which favors the CN over the NC isomer, can be considered decisive. 
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The Mode-Tracking method has also been successfully employed to understand 
the intermolecular interactions in methyl lactate clusters produced in a supersonic 
jet [169] (see Refs. [167, 170-174] for further applications of Mode-Tracking). 
These clusters are a generic model for intermolecular interactions and chiral recog- 
nition. They aggregate via О-Н...О-Н or О-Н... O=C hydrogen bonds. It was 
shown in Ref. [169] by experiment and MP2 calculations that a tetrameric S4- 
symmetric cluster is formed from two R- and two S-units via isolated О-Н - - - C=O 
hydrogen bonds as the global minimum structure. Enantiopure tetramers prefer 
cooperative О-Н - -- О-Н structures instead. Interestingly, DFT dramatically failed 
to predict the correct relative energies of various optimized structures — often DFT 
agrees surprisingly well with MP2 results if molecular aggregates are bound by hy- 
drogen bonds (many references can be found in the literature regarding this issue; 
see Refs. [36, 175] for examples from our research). The failure of DFT could be 
due to dispersion forces which may lead to an attraction of the hydrophobic tails 
of the methyl lactate monomers in the tetramer. 

The spectroscopic tool box at our disposal today seems to be infinitely large. As a 
final example from this tool box, we refer to electronic circular dichroism. Grimme 
et al. established theoretical tools for the calculations of circular dichroism (CD) 
spectra of large systems [176]. It is common to employ single structures for such 
calculations. However, Siering, Grimme and Waldvogel [177] reported a systematic 
investigation involving combinations of classical molecular dynamics simulations 
with quantum chemical techniques in order to characterize a chiral receptor that 
binds prochiral guests. These authors presented the first assignment of highly dy- 
namic enantiofacial discrimination acting on a single heterocyclic substrate with 
the aid of CD spectroscopy [177]. 





12.3 
Standard Classification of Intermolecular Interactions 


Molecular processes in supramolecular assemblies are all governed by the intermo- 
lecular interactions of the consistuents of the assembly. The role of these interac- 
tions can hardly be overestimated. A main feature of the interactions is that most 
of them can be reversibly built and broken. Even covalent bonds can exhibit this 
feature [178]. In a review article by Dance [179] focusing on inorganic intermolec- 
ular motifs and their energies, two major topics are the diversity of molecular sur- 
faces and intermolecular interactions (and their energies). The properties and ap- 
plications of molecular materials are a result or can be understood in terms of the 
energies of the intermolecular interactions. Dance discusses several definitions of 
supramolecular inorganic chemistry In some articles supramolecular inorganic 
chemistry refers to weak intermolecular interactions and their consequences, while 
in other papers it is connected with the particular compounds exhibiting strong 
coordinate bonding. Dance proposes as an integrating concept the notion of “соп- 
trolled assembly of complex matter" [179] and differentiates between "short- 
strong" and “long—weak’’ interactions. Spatial regions with long—weak contacts 
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in condensed phase systems define the boundaries of molecules and highlight the 
difference between inter-molecular and intra-molecular interaction patterns. The 
absence of molecular boundaries represents structural non-molecularity [179]. 

Over recent decades, a couple of intermolecular interaction patterns have been 
identified and refined in order to facilitate understanding of supramolecular pro- 
cesses. The decomposition of a whole interaction pattern into individual contribu- 
tions is somewhat artificial – only the total interaction energy is well defined – but 
it is required for our classical, macroscopic view and understanding of these pro- 
cesses. The following list of interaction types contains a few important ones but 
cannot be considered complete (for instance, magnetic fields or reversibly built 
and broken covalent bonds are completely neglected): 


* (Electrostatic) monopole attraction and repulsion of atoms or groups of atoms occur 
in the presence of local (point) charges. In principle, these classical electrostatic 
Coulomb interaction are strong and long-ranged. Chemists tend to identify formal 
charges on atoms as true point charges. From a quantum chemically point of 
view, this is in general not true. However, electrostatic monopoles are well- 
defined in local multipole expansions (see also below). 

Dipole interactions are usually weaker than electrostatic monopole interactions 
but can dominate the intermolecular interactions within a supramolecular as- 
sembly. Diederich and coworkers have recently drawn attention onto dipole inter- 
actions, and multipolar interactions in general, in such systems based on a statis- 
tical analysis of structures [180]. 

Higher and mixed multipole interactions are also always present and may play a 
dominant role in the absence of lower multipole moments, especially in the ab- 
sence of mono- and dipoles. Note also that these electrostatic multipole interac- 
tions are purely classic and typical quantum mechanical effects (like Pauli repul- 
sion etc.) are not captured. 

Hydrogen bonding [142, 181—186] represents the most famous and most impor- 
tant interaction pattern. It was early recognized [187] that an attractive interac- 
tion between hydrogen atoms bound to a given donor atom and an electronega- 
tive acceptor atom exists. A standard hydrogen bond can be considered mainly 
electrostatic in nature though covalent contributions are also present. However, 
the relative amount of electrostatic contributions depends on the system under 
consideration but is also dependent on the particular decomposition analysis 
within which "electrostatic", ‘dispersion’, etc. are defined. 

It is important to note that weak hydrogen bonds must not be neglected 
in multi-valent host-guest interactions as their contribution to the interaction 
energy can be decisive and can thus determine the structure of a supramolecular 
assembly (see Refs. [184, 188, 189] for general accounts on weak hydrogen 
bonds, Ref. [190] for weak C-H---F-C interactions, and Refs. [59, 175] for 
weak С-Н... O= contacts). 

п-п stacking denotes an important attractive interaction present when two aro- 
matic systems come into close proximity (see, e.g. Ref. [191]). The exemplary sys- 
tem for z-z stacking is the benzene dimer. The attraction between two benzene 
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rings is due to dispersion forces. Contemporary DFT methods cannot describe 
this type of interaction [192, 193] (except if certain precautions are taken as de- 
scribed in Section 12.2). MP2 copes much better with these interactions but tends 
to overbinding [194—196] (see also the recent accounts in Ref. [197]). A detailed 
discussion of this dilemma for cyclophanes was presented by Grimme [198]. 

* Diffuse dispersive attractions and hydrophobic effects: One may easily imagine that 
many different, inhomogeneous electric fields are present in supramolecular as- 
semblies. These fields induce new electric fields, which may also be decomposed 
into electrostatic multipoles (for instance, dipole moments may be induced de- 
pending on the strength of the inducing permanent field and the (local) polariz- 
ability of the system, which is the material specific quantity). Interactions based 
on these effects are usually denoted van der Waals interactions. But note that 
the induced fields themselves will induce new polarization effects and so on. 
For a stationary, time-independent equilibrium structure (in the quantum chem- 
ical sense) all these effects can in principle be captured at once by the electronic 
wave function V4. 


Especially the weak interaction patterns like van der Waals forces, weak hydrogen 
bonds (i.e. those with bond energies less than about 10 kJ mol!) and л—л stack- 
ings are often discussed in the light of hydrophobic effects. Such effects are 
strongly system-dependent, they can hardly be understood in an ad hoc fashion, 
and are thus subject of constant debate (see Refs. [199, 200] for examples and 
Ref. [201] for a review). 


12.3.1 
A Complication: Cooperative Effects 


The interaction patterns described in the last paragraph are convenient means for 
a step-wise and additive understanding of molecular recognition processes within 
supramolecular assemblies. A simple interpretation of cooperative effects would 
merely consider the action of various attractive interactions at the same time. How- 
ever, thinking within additive individual contacts silently assumes that the interac- 
tion strength is not modulated by the presence of other contacts or even other 
atoms, which are not involved in such contacts. Thus, the central difficulty, which 
is associated with the problem that the interactions within a supramolecular as- 
sembly cannot be decomposed into single contacts with individual interaction en- 
ergies, is to account for these cooperative effects. 

In general, cooperative or many-body effects can be understood by considering 
the local polarizability of a given part of the supermolecule. This distributed polar- 
izability is modulated through neighboring atoms and groups of atoms. As a con- 
sequence, the interaction strength of the given part is changed. This picture of a 
modulated local polarizability also lents itself to one possible solution to the prob- 
lem, which is the use of polarizable force fields in MD simulations (compare, for 
instance, Refs. [202–213]). However, these polarizable force fields need to be para- 
metrized and cannot be easily obtained for arbitrarily complicated interaction pat- 
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terns in supramolecular assemblies. By contrast, the first-principles methods adjust 
automatically to a given manifestation of cooperativity defined by a particular 
nuclear configuration ВМ. Hence, wavefunction-based schemes for the assessment 
of cooperative effects or for the estimation of individual attractive contacts are espe- 
cially desirable. 

The question now arises how all the above-mentioned phenomenologically 
classified interactions can be quantified. Of course, theory can yield unambiguous 
results if the additive decomposition of the overall interaction pattern into individ- 
ual contributions is a suitable approximation in a certain case. It is, however, clear 
from the outset that many-body effects make a decomposition difficult, although 
this may be circumvented by a direct reference to the electronic wave function, 
which automatically adjusts to a given nuclear configuration, i.e. to a given ar- 
rangement of atoms. In Ref. [214], for example, an attempt is made to monitor 
the cooperative action of electrostatics in crown ether hydration via maps of the 
electrostatic potential. 


12.3.2 
Distributed Multipoles and Polarizabilities 


The description of intermolecular interactions via electrostatic multipoles has a 
long history and excellent monographs have appeared (see, e.g. Refs. [215, 216]). 
In principle, one may attempt to decompose a given electronic (and nuclear) 
charge density distribution in terms of electrostatic multipoles. Naturally, such an 
expansion is helpful for decomposing and understanding intermolecular interac- 
tions at large distance. Leaving the convergence of such a series expansion aside, 
a single series expansion is of little help when the interactions at shorter distances 
are to be described since it does not allow for a simple discrimination of different 
interaction sites. Consequently, distributed multipole expansions (see Ref. [215, p. 
106] and references cited therein), 
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where the sums run over sites a interacting with sites b distributed over the supra- 
molecular assembly (with charges q, dipole moments 44, quadrupole moments 
9,5, etc. where x, f € (x, y, 2}). The distributed multipole expansion needs to fulfill 
certain constraints (e.g. that they can be mapped on the single multipole expansion 
mentioned first). It can also easily be written in terms of interaction operators to be 
added to a Hamiltonian due to the correspondence principle. Accordingly, for the 
description of induced dipole moments, polarizabilities are usually assigned to the 
whole molecule while only a distribution scheme may properly account for local re- 
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distribution of charges in supramolecular assemblies (the same may be designed 
for hyperpolarizabilties if nonlinear effects are important). 


12.33 
Local Multipole Expansions in MD Simulations 


The idea of distributed dipole moments has also been transferred to the dynamic 
domain and we shall discuss recent work from our laboratory in this section in 
more detail. With the help of maximally localized Wannier functions local dipoles 
and charges on atoms can be derived. The Wannier functions are obtained by Boys’ 
localization scheme [217]. Thus, Wannier orbitals [218] are the condensed phase 
analogs of localized molecular orbitals known from quantum chemistry. Access to 
the electronic structure during a CPMD simulation allows the calculation of elec- 
tronic properties. Through an appropriate unitary transformation U of the canoni- 
cal Kohn-Sham orbitals ү maximally localized Wannier functions (MLWFs) 
wj(r) can be calculated, 


w(t) = 2; Шуу (т). (12.35) 


As proposed by Marzari and Vanderbilt [219], an intuitive solution to the problem 
of the non-uniqueness of the unitary transformed orbitals is to require that the to- 
tal spread of the localized function should be minimal. The Marzari- Vanderbilt 
scheme is based on recent advances in the formulation of a theory of electronic po- 
larization [220, 221]. By analyzing quantities such as changes in the spread (sec- 
ond moment) or the location of the center of charge of the MLWFs, it is possible 
to learn about the chemical nature of a given system. In particular the charge cen- 
ters of the MLWFs are of interest, as they provide a classical correspondence to the 
location of an electron or electron pair. 

In condensed phase simulations, the total dipole moment M(t) of the supercell 
is often used to calculate the infrared absorption coefficient [222]. However, in elec- 
tronic structure calculations a straightforward determination of the cell dipole em- 
ploying charge partition schemes usually fails due to periodic boundary conditions. 
This problem was solved by the modern theory of polarization [220]. The original 
approach calculates changes of polarization as a property of the (Berry) phase of 
the ground state wavefunction using integrals and derivatives of Bloch functions. 
An equivalent and for the purpose of disordered systems more appropriate real 
space formulation was developed by Resta [223]. 

For the analysis of a supramolecular assembly it is most convenient to write the 
total dipole moment M" to a good approximation as a sum of individual molecular 
dipoles ut, 


M" x У uf. (12.36) 
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The expectation value rj of the position operator for a MLWF i is thus is often 
called a Wannier function's center (WFC). With this definition the electronic part 
of the supercell dipole moment reads 


м“ хун (12.37) 


and the electronic part of the molecular dipole moments can be defined as 


OCC 


uj = —2e ^ri, (12.38) 


iel 


where the sum runs over all WFCs associated with the molecule. The dipole time 
correlation function needed in the calculation of the infrared absorption spectra 
[222] can be calculated using the molecular dipole moments 


<M(#) -M(0)» = У Gult) - (0). (12.39) 
T 


(cf. also Section 12.2.5). Analyzing individual terms in the above sum allows a de- 
tailed study of the origins of special features in the spectra [224]. 

We now discuss a recently developed method to derive atomic charges from 
WECs [225]. This method is closely related to the D-RESP procedure of the Roeth- 
lisberger group [226]. We consider a molecule of M atoms with charges Z4 and 
atomic positions Ед. The electronic distribution of the molecule is described by n 
WECs with charges —q, at positions га. qw has a value of one for the spin polarized 
case and a value of two for spin restricted calculations. The electrostatic potential of 
the molecule derived from the WFCs is defined as 





Zae q 
УМЕ (г) = 2 К 12.40 
ЕЅР (т) >, [Ra = r| >. Ir, = r| ( ) 


(compare Ед. (12.1)). We then look for a set of charges йд that reproduce the elec- 
trostatic potential of the molecule as closely as possible. The potential is sampled at 
many positions r; outside the molecule. The charges q4 are optimized with a least 
square fit. The zeroth (total charge) and first (dipole moment) moments of the 
charge distribution are enforced exactly. 

A very important application of the above introduced local dipole analysis 
scheme will be in the field of supramolecular and template chemistry. Diederich 
and coworkers [180] note: “Рог more than two decades supramolecular chemistry 
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Fig. 12.4. Left: The dipole moment in Debye plotted against the time 
step. Right: Distribution of dipole moments (left-hand-side region: 
smaller dipole moments; right-hand-side region: larger dipole 
moments). Both data sets were calculated from a Car—Parrinello 
molecular dynamics simulation of an isolated tetralactam macrocycle 
[227]. 


has greatly impacted many areas ranging from material science to biomedicine. In- 
termolecular multipolar interactions have, however, undeservedly been looked at as 
being too weak, uninteresting, and less important than other nonbonding interac- 
tions." and further "Nevertheless, the experimental quantification and the theoret- 
ical treatment of these interactions are still underdeveloped and require further 
elaborate research efforts." Such elaborate research efforts could benefit from the 
local analysis of the MLWFs. We will show in the following a first attempt of such 
an analysis applied to a supramolecular system, namely the tetralactam wheel of a 
rotaxane [227]. We carried out Car—Parrinello simulations with a time step of 0.12 
fs. From the total trajectory of 1.5 ps we harvested in every third step the Wannier 
functions [227]. 

Figure 12.4 presents the dipole moment along the time step and the distribution 
of the dipole moment. We observe in the left graph that the dipole drops until the 
750th time step is reached. After this the dipole moment suddenly increases. 
Accordingly, the left panel of Fig. 12.4 shows two remarkable regions: The small 
dipole region (left hand side) and the large dipole region (right hand side) in the 
course of the simulation. These changes in dipole moments could influence the 
intra-supermolecule dynamics of wheel and axle in a rotaxane and thus also 
the potential shuttling motion of a rotaxane [227]. A closer look at the structure of 
the macrocycle during the course of a simulation shows one of the amide-groups 
turned around such that the oxygen atom now points inside the wheel (see Fig. 
12.5). At the start of the simulations all oxygen atoms pointed outward the wheel. 
We may speculate that the motion of the amide bond, which increases the dipole 
sizably, may induce or increase an important interaction. 


8 





450 


12 Theoretical Methods for Supramolecular Chemistry 





Fig. 12.5. The picture shows the structures of a tetralactam macro- 
cycle. The left structure is from the beginning and the right configura- 
tion is from the end of the simulation. The size of the total dipole mo- 
ment (big red arrow) plotted in each wheel is the average dipole moment. 


12.4 
Qualitative Understanding and Decomposition Schemes 


It is obvious from the discussion in the last sections that the evaluation of distrib- 
uted multipoles and polarizabilities is not straightforward and also time consum- 
ing. In particular, for routine investigations of large extended assemblies it is desir- 
able to have easily obtainable descriptors for local interaction patterns at hand. 
Especially molecular dynamics simulations benefit extensively from the interpre- 
tation of local interactions [152, 228, 229]. The standard approach for the estima- 
tion of local interaction energies in complex aggregates is based on geometric cri- 
teria. These solely define the interaction of two fragments of an aggregate on the 
basis of distances (and occasionally of angles) [228]. It is most desirable to have a 
single descriptor for the interaction energy at hand. Chandler noted, for example, 
that attempts towards the quantification of predictions of protein structures with 
hydrophobic and hydrophilic amino acids “by identifying a single parameter or 
function that characterizes the strength of hydrophobic interactions have been un- 
successful" [230]. Apart from practical problems with mapping interaction ener- 
gies onto a single descriptor, we also face fundamental quantum mechanical diffi- 
culties: If an aggregate of two subsystems, which interact via more than one site 
with one another, is decomposed into these two subsystems, the interaction energy 
for a single attractive site in the aggregate cannot be extracted from the total de- 
composition energy. A wavefunction-based criterion as opposed to a geometric 
criterion is desirable because it is sensitive to different environments, in which 
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the hydrogen bond is formed, i.e. it is sensitive to different acceptor atoms, differ- 
ent donor atoms, bifurcated or two-fold hydrogen bonds and other intramolecular 
or environmental effects (like solvent effects), many-body or cooperative effects. 
None of this can be detected by standard geometric criteria. First-principles simu- 
lations like CPMD allow for new wave-function-based descriptors [231] as the elec- 
tronic structure is — in addition to the positions of all atomic nuclei involved – 
available “оп the fly". Of course, the above mentioned fundamental problem that 
the interaction energy is not an observable quantity is in first-principle simulations 
as apparent as in static calculations. However, the wavefunction naturally tracks all 
electronic changes in an aggregate. A wavefunction-based descriptor would also be 
helpful in traditional molecular dynamics because snapshots can be calculated 
with advanced static quantum chemical methods. 


12.4.1 
Interaction Energy Decomposition 


Decomposition of interaction energies is desired for qualitative chemical analyses 
of complicated multi-valent interactions in supramolecular aggregates but such a 
decomposition cannot be uniquely defined within fundamental physical theory. A 
popular semi-quantitative decomposition method with nice formal features to be 
mentioned in this context is Weinhold's natural bond orbital (NBO) approach to 
intermolecular interactions [232, 233]. Comparable is the recently proposed energy 
decomposition analysis by Mo, Gao and Peyerimhoff [234, 235] which is based on 
a block-localized wave function. Other energy decomposition schemes proposed 
are the energy decomposition analysis (EDA) by Kitaura and Morokuma [236] and 
a similar scheme by Ziegler and Rauk [237]. 

Morokuma et al. [238] investigated the hydrogen bond with EDA [238] and 
found that the proton acceptor ability decreases in the order F > O > N due to an 
increasing term of EDA, which is assigned to exchange repulsion (EX). However, 
the strength of the hydrogen bond does not solely depend on the exchange repul- 
sion part, but also on the electrostatic part (ES), charge transfer (CT) etc. The 
electrostatic part and also the other negative components in the EDA are compen- 
sating the exchange repulsion part. In the case where the hydrogen bond is domi- 
nated by ES and EX, the ratio between ES and EX increases with the electronega- 
tivity, which corresponds to the observed ordering of the absolute values of the 
slope for the different acceptor atoms. We should note that EDA is not free of con- 
ceptual difficulties as a small interaction energy is decomposed into comparatively 
large energy contributions of opposite sign. Detailed insight can be expected by the 
symmetry-adapted perturbation theory (SAPT) analysis [239, 240]. In SAPT, how- 
ever, the price of large computation times is paid for the accurate and well-defined 
analysis of intermolecular interactions, which makes the method difficult to apply 
to large extended systems and to those whose interactions cannot be properly de- 
scribed in a perturbation theory approach. 

As an example for the application of EDA we may refer to the following study: 
Using quantum chemical calculations for Monte-Carlo-generated conformers of 
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host-guest complexes Johansson and coworkers studied the formation of super- 
molecules with encapsulated anions [241]. These authors found that the cavity size 
cannot directly be employed as a descriptor of the encapsulation capacity of the 
hosts. With the help of the EDA scheme they found that in the investigated anions 
a decisive role is played by the Coulombic/Pauli balance, with the exception of F^ 
as host where polarization/charge transfer contributes significantly [241]. 


12.4.2 
A Core-electron Probe for Hydrogen Bond Interactions 


Reckien and Peyerimhoff [94] investigated so-called two-fold hydrogen bonds in 
isophthalic amide complexes as models for amide rotaxane wheel-axle interactions 
(compare Fig. 12.2 for one example). These complexes possess the same two-fold 
hydrogen bond donors, while the acceptor molecules are varied. It was found that 
electron donating substituents like methyl groups strengthen the hydrogen bond, 
i.e. they increase the binding energy. A decrease in binding energy can be expected 
if the electron donating NH; group is replaced by protons or alkyl groups such as 
СНз. These trends can be directly related to the partial charges on the carbonyl 
oxygen atom that accepts the two hydrogen bonds [94]. Of course, steric effects 
turned out to also play an important role: Only if the groups can be arranged in 
an optimal fashion, the complexes feature a maximum bond strength measured 
in terms of binding energy [94]. Reckien and Peyerimhoff [94] then introduced a 
promising new descriptor for the assessment of such two-fold hydrogen bridges. 
This descriptor is the ғ; orbital energy of the acceptor oxygen atom, which is the 
molecular orbital energy e; of Eq. (12.5) of the canonical molecular orbital that 
closely resembles the 1s atomic orbital at the oxygen acceptor. The г1; energy is par- 
ametrized to supermolecularly calculated hydrogen bond energies of a test set of 
hydrogen bonded complexes. The empirical idea behind this concept is the fact 
that it is known from core-electron photoelectron spectroscopy such as ESCA that 
the position (i.e. the energy) of a K shell peak of an atom is sensible to the atom’s 
chemical environment, i.e. to its valence state and the number and type of bonds to 
neighboring atoms. Of course, since the ¢),-descriptor is a scalar quantity, whose 
value will change if any bonding partner of the oxygen acceptor is changed, para- 
metrization for hydrogen bond energies requires the same acceptor molecule al- 
ways to be used. We are currently investigating whether this drawback may be cir- 
cumvented if differences of 1s-AO-type orbital energies calculated for the isolated 
acceptor molecule and this acceptor within a particular hydrogen-bonded complex 
can be used as transferable and easily applicable descriptors [242]. 


12.4.3 
The SEN Approach to Hydrogen Bond Energies 


The basic idea of the shared-electron-number (SEN) method [243] is to estimate 
the strength of a hydrogen bond by means of only one variable. This variable is 
the two-center shared-electron number сна, which is related linearly to the hydro- 
gen bond energy Е; на, 


12.4 Qualitative Understanding and Decomposition Schemes 
ЕРНА = Лонд. (12.41) 


Qualitatively speaking, сна denotes the number of electrons that is shared by the 
hydrogen atom H and the acceptor atom A. It is calculated in a population analysis 
[244—246], where electrons are distributed to different atoms according to the con- 
tribution of (modified) atomic orbitals (i.e. of a minimum set of basis functions) to 
the molecular orbitals. The shared-electron number is thus a single-valued descrip- 
tor for the electronic density between the atoms H and A. 

With the SEN approach it is possible to detect and quantify the interaction ener- 
gies of individual hydrogen bonds in non-decomposable systems. These energies 
are quantum mechanically not defined and thus also not accessible by the supra- 
molecular approach that only provides total interaction energies. The proportional- 
ity constant 4 was adjusted to a small test set of hydrogen bonded complexes [243] 
which was not corrected for the basis set superposition error. These deficiencies 
were removed in a new and largely extended calibration study for 2 [247]. Since 
the interaction energy as calculated by the supramolecular approach is negative 
for bound complexes, the slope 4 takes negative values. 

Furthermore, it could be shown that these large error margins cover deviations 
that are systematic with regard to the acceptor atom [247]. This gives rise to differ- 
ent ideas on how to improve the accuracy of the method. A promising Ansatz (ex- 
tension) is the decomposition into sets with the same acceptor atom. With the in- 
troduction of this decomposition of the total set, the standard deviation could be 
considerably lowered [247]. 

In contrast to the original ¢1,-method, the SEN она is able to describe the direc- 
tional nature of the hydrogen bond and allows one to detect hydrogen bonds which 
appear hidden or unrecognized when purely geometric criteria (mean bond lengths 
and angles) are applied for their detection. As mentioned before, the SEN concept 
is particularly useful for the assignment of an interaction energy for a particular 
hydrogen bond when there are more than one present in a given hydrogen-bonded 
complex [231, 247—249]. It has been successfully applied in various cases [14, 175, 
231, 250-252]. 

We shall highlight the usefulness of the wave-function-based SEN method for 
one example. In a recent communication experimental evidence was found that 
N1---N3 hydrogen bonds are stronger in dsRNA A-U than in dsDNA A-T base 
pairs [253]. The observations were made on the basis of one-bond PN-!H J- 
coupling constants кн. Table 12.2 contains results from calculations on the iso- 
lated base pairs and trimers taken from Ref. [247]. For the base pairs we find no 
difference in structure or binding energy. Although there is a slight trend for the 
А-0 dimer in the binding energy as well as in the SEN hydrogen bond energy for 
МТ... №3, this trend is too less pronounced to reveal the difference between the hy- 
drogen bonds, see Table 12.2 first two lines. 

Comparing the T-A-T trimer and the A-T dimer no difference in distance and 
in hydrogen bond energy was detected [247]. The SEN method yields а №1... N3 
hydrogen bond of approximately 33 К] mol"! for both dimers and for the T-A-T 
trimer. Although the hydrogen bond distance is still in the same region (changes 
are of the order of promille) the SEN energy indicates a trend to stronger hydrogen 
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Tab. 12.2. Total interaction energies E, for dimers and trimers and 
SEN hydrogen bond energy ЕРЕ (parameterized for N acceptor 
atoms) for a single hydrogen bond depicted in Fig. 12.6 taken from 
Ref. 247 (all energies in kJ тој“). Intermolecular distance between the 
two nitrogen atoms and intramolecular М-Н distances гум in pm. The 


N---HN angles < (N---HN) are given in degrees. 





System E, kj тој“! ЕБЕ KJ mol" ‘nn pm тн pm <(N +++ НМ) 
A-U dimer —57.1 —33.4 288.9 104.5 178.6 
A-T dimer —56.1 —32.9 288.9 104.5 178.6 
U-A-U trimer —110.6 —38.4 288.3 104.5 179.5 
T-A-T trimer —109.7 —33.4 287.9 104.5 179.4 





bonds in the U-A-U trimer as compared to the A-U dimer and T-A-T trimer (see 
Fig. 12.6 for an illustration of the structures of the trimers). In Ref. [253] the authors 
raise the question whether other hydrogen bonds are also stronger in the uracil com- 
plex than in the thymine complex. For the trimer an increase in hydrogen bond 





Fig. 12.6. Hydrogen bond energies in an adenine-thymine (top) and 
adenine-uracil base trimer calculated with the SEN method. The 
marked hydrogen bond is the М1... МЗ hydrogen bond which is 
according to the SEN method stronger in the U-A-U trimer (bottom) 
than in the T-A-T (top) trimer. 
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strength obtained from the shared-electron number of 13% for the О... М hydro- 
gen bond was observed [247] which is as large as the increase for the №1... №3 
bond. The О... С hydrogen bond which is very weak increases by 23% in strength. 


12.5 
General Mechanism for a Static, Step-wise View on Host-Guest Recognition 


A great difficulty for the description of chemical processes and template-assisted 
reactions in supramolecular aggregates is the huge number of degrees of freedom, 
which prohibits the drawing of a simplified picture. Nonetheless such a simplified 
picture is needed in order to devise workable concepts that allow us to describe, 
quantify and predict host-guest recognition in complicated systems. Molecular dy- 
namics necessarily provides only a statistical, time-averaged point of view, while the 
quantum chemical approach cannot provide all the relevant conformations that are 
accessible in a molecular dynamics run. However, the static quantum chemical cal- 
culations provide well-defined stationary points obtained in actual calculations on 
the potential energy hypersurface although the number of these local minima and 
saddle points is limited in view of the many weak interactions and contacts in large 
host-guest complexes. 

Naturally, the first step in this endeavor would be a deduction based on an 
Eyring-like transition state theory or absolute rate constant theory, respectively, in 
combination with specific elements of the chemical process under investigation. 
According to Eyring we may express the absolute rate of a chemical elementary re- 
action k solely on the basis of statistical information (i.e. partition functions) calcu- 
lated with quantum chemical methods at the equilibrium structures of reactants 
and at the transition structure. In a similar way, thermochemical models have 
been established, for instance, for unimolecular reactions (compare the RRKM 
theory [254, 255]) or electron-transfer reactions (where Marcus' theory [256] adds 
a description of the condensed matter environment to an Eyring-like description 
of electron transfer). An essential ingredient of such a theory would be the deduc- 
tion of a most general mechanism of chemical processes within a supramolecular 
assembly consisting of elementary reaction steps. Reaction energies and entropies 
for these steps may then be deduced and calculated with quantum chemical 
methods. As mentioned above, we may call this the TAR model, which is a short- 
hand notation for a general thermochemical scheme of template-assisted elemen- 
tary reactions. 

Predecessors of some steps of our approach exist in the literature. For instance, 
Cooks kinetic model [257] relates the equilibrium constant K according to Eq. 
(12.33) to a protonation energy difference and an entropy difference of relevant 
channels, i.e. to the free enthalpy change calculated for some model assumptions. 
It was, for instance, applied by Gozzo et al. [258] in order to understand the hydro- 
gen bonding in supermolecules of imidazolium-based ionic liquids. A condensa- 
tion model based on estimated free energies of the host-guest complex formation 
was developed by Dickert et al. in order to predict the sensor signal of supramolec- 
ular analyte-receptors [259]. The authors explain in their introduction that compu- 
tational chemistry allows one to simulate the inclusion processes, which gives 
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access to a quantitative picture of the host-guest complex in terms of the energy 
associated with its formation. Host-guest chemistry exhibits behavior analogous 
to both crystal packing and the liquid state, while the state of the analyte (guest) 
is more that of a liquid than that of a solid. 

The classical thermochemical approach has also already been applied to special 
template-assisted chemical reactions like the template-directed synthesis of oligo- 
nucleotides [260], for which a detailed system of kinetic elementary steps has 
been derived and solved. Other examples are the thermochemical model for the 
assessment of cooperativity in self-assembly processes proposed in Ref. [261, 262] 
and for the quantitative description of multicomponent self-assembly processes of 
polymetallic helicates [263, 264]. More thermochemical approaches applied within 
particular fields of supramolecular chemistry will be mentioned in the following. 

In this account we present a general attempt on how such a classical kinetic 
description could look for a broad range of host-guest processes and template- 
assisted reactions. The first step is to define an appropriate reaction mechanism. 
Then, transition states, reaction barriers, reaction enthalpies and entropies can be 
assigned and calculated. This second step is straightforward using quantum chem- 
ical methods once the elementary reactions are defined. In a final step, it would be 
useful to decompose these thermodynamic quantities into additive local contribu- 
tions derived, for example, from a decomposition of the total interaction energy ac- 
cording to schemes presented in the last section. Of course, this may not always be 
possible but one may hope that certain structural features may dominate others. 

In order to assess quantum chemical methods for the construction of a reason- 
able and sufficiently general thermochemical model of host-guest processes and 
template-assisted reactions it is necessary to restrict ourselves to reactions which 
do follow the proposed reaction mechanism as closely as possible. Of course, one 
may imagine reactions, which deviate in certain details. However, such deviations 
would not alter the general methodology but would merely define a new class of 
templates featuring modified elementary steps. To provide a useful classification 
scheme, which yields solid grounds for the rational design of template-assisted re- 
actions, the unique collaborative research center SFB 624 established at the Univer- 
sity of Bonn in 2002 [10, 265], which is devoted to the study of template effects in 
all areas of chemistry, started out with a pragmatic but very useful classification of 
templates as convex (e.g. when a single metal center acts as a spatially organizing 
agent), concave (e.g. when the template molecule surrounds the reactant in an 
amoeba like fashion) and linear/planar (e.g. when surfaces act as templates?). The 


4) Although the presentation so far has been planarization takes place when they are 


concerned with isolated supramolecules or in 
homogeneous solution, hetereogeneous 
effects are, of course, also subject of constant 
theoretical developments. For instance, the 
requirements for the formation of a chiral 
template was addressed only recently [266] on 
the basis of DFT calculations for propylene 
oxide on Pd(111) surfaces. Another example: 
Molecular dynamics simulations on shape- 
persistent macrocycles revealed that 


adsorbed on a graphite surface [267]. An 
extensive study of the effects of guest 
inclusion on the crystal packing of p-tert- 
butylcalix|4]arenes was carried out by León 
et al. through a combination of molecular- 
mechanics-based solid-state calculations and 
statistical analysis, with a procedure that 
allowed them to study a variety of classes of 
organic compounds [268]. 
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SFB 624 in Bonn proposed a definition for template-assisted reactions [265] which 
states that a template steers a reaction through spatial pre-organization of the reac- 
tants via a suitably defined pattern of non-covalent, covalent, or coordinative- 
reversible bonds. It acts as an entropic sink such that thermochemical criteria can 
be used to characterize the template-mediated process. Template-mediated reac- 
tions may revolve several times but high turn over numbers are not necessarily re- 
quired. Also, the template does not necessarily need to be recovered once the reac- 
tion took place. In this work, we elaborate on this non-formal description, which 
aims to embrace as many chemical processes involving templates and host-guest 
interactions as possible. Our aim is to arrive at a more formal basis utilizing well- 
established thermochemical concepts. The classical thermochemical approach of 
physical chemistry to chemical reactions may provide an option to define transfer- 
able concepts for the plethora of template-assisted processes. 

The elementary reaction steps into which a template-assisted chemical process 
may be decomposed are discussed in the following subsections. Note that with 
each elementary reaction step, a barrier and a reaction rate is associated, though 
this is not explicitly mentioned. Nevertheless the transition states can be localized 
with quantum chemical methods and the corresponding rate can be estimated on 
the basis of Eyring's absolute rate theory, which is supposed to be valid within the 
simplifying thermodynamical model proposed here. It is clear from the beginning 
that the entropic contributions are important but the most difficult to calculate. 
Molecular dynamics aims at a unified calculation of entropic and enthalpic contri- 
butions in form of the free enthalpy, while quantum chemistry provides a very 
rough estimate of intramolecular entropic contributions on the basis of prominent 
approximations (particle in a box, harmonic oscillator, rigid rotor) and only for sta- 
tionary points on the potential energy hypersurface. However, there is evidence 
from molecular dynamics simulations that one may find dominant structures rep- 
resenting conformationally flexible structures like in the case of polypeptides [279], 
which is good news for quantum chemical approaches. 


12.5.1 
Template-free Pre-orientation Processes 


In principle, a template-assisted reaction may also occur without the template. In 
absence of a template, various alternative non-reactive configurations (Bi) of the 
reactants Ај, Аз, A5, .. . are possible, 


АБД dead В): (12.42) 


Here, we used the set braces in order to denote that many reactions may lead to 
“innumerable” different configurations i, і.е. to many different local minima on 
the potential energy surface. 

An optimum template would guarantee that the reactants are spatially arranged 
in the relative configuration By, which is most appropriate for the sought-for reac- 
tion to take place. Note that there may exist in principle more than one such con- 
figuration В», which may act as a useful starting configuration for the reaction. For 
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the sake of simplicity, we assume that there is only one unique such configuration. 
As mentioned before, without the template there is a certain probability for the de- 
sired reaction, 


to take place and to produce the final products P. Note that the final reaction step 
is written as a unimolecular reaction rather than as a reaction which may involve 
additional reactants to react with By. As the first reaction step in the equation above 
may be a multi-step process, we may also include any additional reactants from the 
very beginning into the pre-organization sequence for the generation of the reac- 
tive configuration By. 


12.5.2 
Rearrangement Reactions 


Depending on the possible number of configurations (Bj), several rearrangement 
reactions will decrease or increase the concentration of the reactive configuration 
Вх. Consider that the pre-orientation reaction is almost barrierless and that the 
thermodynamic difference of the complex configurations and the reactants A; is 
small (i.e. if the reactants are bound through comparatively weak intermolecular 
forces, which additionally may be modulated through polar solvents), the re- 
arrangement reaction might be formulated as a two-step process involving a de- 
composition into the reactants before a new complex configuration is built, 


By = Ay ФА) + Аз + = {Bi} (12.44) 
However, the different configurations i may also directly rearrange, 
{Bi} = By (12.45) 


so that it is likely to be important to know the barrier heights controlling these re- 
arrangement reactions. In any case, one might simplify the discussion by restrict- 
ing it either to a "thermodynamic" comparison of local minima (Bi) (without tak- 
ing the barriers into account) or by restricting the rearrangement reaction to the 
most stable configuration В; min, which can be assumed to eat up all other config- 
urations (Bj), and to the reactive configuration B,. In this case, it will be feasible 
to calculate the relevant reaction barriers as well and to get in turn an estimate for 
the rate constant of this elementary step according to Eyring's theory. However, in 
a first step it might be sufficient to simply know the relative energies of the various 
conformers rather than also to compute the transition barriers. Since the optimiza- 
tion of all relevant conformers would be required in any quantum chemical study 
on the optimization of a host-guest complex. 

Extended treatments are, of course, also possible and likely to be found in the 
MD regime. For instance, Parrinello and coworkers [269] applied the methods 
that were developed for the study of rare events in simulations to a catenane sys- 
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tem (see also Ref. [270] for such methods). With the help of these techniques ap- 
plied in traditional molecular dynamics simulations they were able to unravel the 
microscopic behavior of the conformational rearrangements involved in the switch- 
ing process [269]. 


12.5.3 
The Host-controlled Association Reaction 


The action of a template T may now be most conveniently described by an associ- 
ation reaction, in which the template forces a spatial arrangement of the reactants 
in the reactive configuration, 


T+A,+A,+A;+---=[T- Bl, (12.46) 


Note that this association reaction may in principle be a multi-step process in 
which the action of the template is stepwise and may be controlled through suit- 
able substitution in each individual step. In other words, the template may first 
form a less stable intermediate [T — B];, which may rearrange according to the pos- 
sibilities discussed above before the final reactive configuration [T — B], is formed. 
This would complicate the model and would require an extended treatment. For 
the sake of simplicity, one may consider only those templates in a first approach, 
where the association reaction can be understood as an elementary reaction step. 
Moreover, in such a case it can be expected to be almost barrierless, i.e. barrier 
heights are of the order of RT. Only a multi-step association reaction may involve 
significant barriers that may become important for the efficacy of the template and 
thus for the determination of the rate constant. For a thermochemical model of 
multi-step binding as developed for a multi-valent guest associated to an immobi- 
lized host see Ref. [271] and as developed for typically multi-valent supramolecular 
assemblies such as rotaxanes see Ref. [272]. 

Chen [273] proposed a thermochemical model for the molecular recognition step 
of host-guest interactions which especially emphasizes the role of the enthalpy- 
entropy relationship in these processes (see also the above-mentioned enthalpy- 
entropy balancing in Ref. [259] for another recent example). In particular, Chen 
introduced the term “orientation-based fit" for the recognition via intermolecular 
orientation. The conceptual basis of this step has been recognized for decades 
mostly in the context of biochemistry when it comes to the recognition of a sub- 
strate by an enzyme. First, a rigid lock-and-key model was proposed by Fischer, 
which was later softened to the so-called induced-fit model by Koshland in 1958. 
However, detailed quantum chemical and first-principles molecular dynamics 
studies of these complicated processes are still rare, which is mainly due to the 
computational effort that is caused by these approaches. Force field studies can be 
much more easily carried out. The Wipff group were amongst the first to study 
quantitatively the “best fit" between neutral molecules and the cavity of a rigid 
neutral receptor using the force field approach [274]. They investigated, by means 
of molecular dynamics simulations and free-energy perturbation simulations, the 
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macrocyclic ligand cryptophane-E and its complexes with three tetrahedral guests 
(CH2Cl,, CHCl; and СС!) in the вазе phase and in solution. Using standard pa- 
rameters for the force field they obtained trends opposite to the experiment. Based 
on a systematic study of the relative free energies of binding, new van der Waals 
parameters could be derived that then did account for the experimental binding be- 
havior [274]. 


12.5.4 
The Transformation Step 


Once the template has organized the reactants in the reactive configuration x, the 
desired reaction can take place, 


РВ] == Ре (12.47) 


Note that after the reaction the template may still be bound to product P – denoted 
here as Pr. It may be removed in a subsequent step, which is not relevant for the 
action of the template. Once the template has been removed from the product, the 
overall reaction energy for the generation of the product P is, of course, the same 
as for the template-free process. For the sake of simplicity, one may assume that 
the activation energy is comparable to the template-free process. If the activation 
energy would be significantly higher for the template-assisted reaction, the tem- 
plate cannot act as a reaction facilitating and controlling agent. On the other hand, 
if it were smaller, the template would have an additional catalytic effect. 


12.5.5 
Inclusion of Environmental Effects 


Solvent effects can be easily included in the thermodynamic model. The reactions 
formulated so far for the isolated species simply need to be formulated with an en- 
vironment and can be treated in a Born cycle: 


Т + Ax(g) + Ax(g) + As(g) +: = [T — В), (е) 


Уе | |е (12.48) 
T + А1() + А›(5) + Аз(5) ++- [T — В]„(5) 





The modeling of the environment can be flexible, e.g. it can be modeled through 
microsolvation by explicitly adding some solvent molecules or through a polariz- 
able electrostatic continuum model. 


12.5.6 
General Aspects of Template Thermodynamics and Kinetics 


From the discussion so far it is clear that the action of a template has a pronounced 
entropic rather than an enthalpic effect. The reason for this is that the free motion 
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of the substrate complexes B;, which may lead to various rearrangement reactions, 
is no longer possible. The entropy loss induced by the pre-organization thus needs 
to be estimated from the number and structure of the possible configurations Bj. 
The entropy loss leads to а more positive free energy according to — TAS in the 
Gibbs-Helmholtz equation. For the association reaction to take place it is neces- 
sary to compensate for the entropy loss through a significantly more negative en- 
thalpic contribution so that the driving force for the reaction, i.e. the free energy is 
still negative. The negative enthalpic contributions are, of course, built up by the 
attractive intermolecular forces between template and substrate, which may be es- 
timated according to the concepts described in Sections 12.2, 12.3 and 12.4. Note 
however that the loss of configurational entropy, which stems from the fact that 
the template reduces the number of possible conformations in configuration space, 
is not captured within the above-described quantum chemical approach to thermo- 
dynamic quantities but may very well be obtained from MD simulations. 

Also, the discussion of the entropic contributions so far is valid for the isolated 
host-guest system. If placed in a solvent, solvent molecules that saturated the 
attractive contacts of the host and of the guest are liberated upon host-guest com- 
plex formation and can account for a significant entropy gain, as in the case of the 
well known chelate effect in coordination chemistry. 

A general model for template-assisted reactions should finally provide answers to 
various questions some of which are listed in the following: 


* Which thermodynamic properties characterize a special, i.e. reactive configura- 
tion В»? This question is a general one for reactions in chemistry and, of course, 
depends on the free energy surface on which the reaction В, — P takes place. То 
put it the other way around, once a desired product is known, one may construct 
B, from the product valley as the configuration with the smallest barrier. 

* When will it be important to know all barriers explicitly for the processes de- 
scribed in Sections 12.5.1 and 12.5.4? 

* How does the entropy decrease, induced by the template action, enter the ther- 
modynamic quantities? How can one calculate the entropy loss for a frozen con- 
figuration Ву? 

* How does one determine whether template T stabilizes exactly B, as desired and 
not any other configuration Bj? 

* [n which cases will it be sufficient to know the relative energetics of the stable 
conformers Bj? 


Once these questions can be answered within the TAR model, a rational design 
of template effects may become possible. The mechanism presented may already 
be useful as a helpful classification scheme to incorporate the tremendous variety 
of empirically found template-assisted chemical processes. The elementary steps 
sketched so far can be supplemented by reaction rate constants, which can be com- 
bined to a final formal-kinetic scheme to yield the total reaction rate. As a conse- 
quence, predictive elements of the TAR model will show up. 

In the past, this endeavor has often rested on detailed investigations of particular 
supramolecular systems. However, the general thermochemical view provides a 
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unifying concept and thus deserves a closer inspection in future work. A nice fea- 
ture of the thermochemical approach is the fact that the thermochemistry of indi- 
vidual reaction steps may very well be measured in experiment (compare also Sec- 
tion 12.2.5). 

The design of template molecules by calculations was already explored as early 
as in the late 1980s and in the early 1990s, respectively [275-277]. One of these 
approaches was based on two steps. First, optimized structures were collected, 
second a molecule was cut and "vectors" were added where originally the bonds 
existed in order to mark their positions and directions. These vectors were then 
used to find a matching set of vectors in the complement molecule. Thereby, a re- 
connection to conformationally restricted templates with identical vectors was car- 
ried out [275]. Such approaches may very well be combined to better understand 
elementary reactions of the TAR scheme. 


12.6 
Conclusions and Perspective 


In this account we have attempted to provide a brief overview of the concepts of 
first-principles methods tailored for the calculation of structures, energetics, and 
properties of supramolecular assemblies. The presentation of the theory focussed 
on the most essential building blocks in order to provide a general frame to inter- 
relate the various methods available. Thereafter, we discussed the relation of these 
methods to experiment and to well-known concepts for the description of typical 
interaction patterns. Also, new methods tailored for tackling problems specific to 
supramolecular chemistry have been discussed (like the calculation of local dipole 
moments in CPMD simulations, the Mode-Tracking protocol for the selective cal- 
culation of vibrational frequencies and intensities, or the SEN method for the cal- 
culation of hydrogen bond energies). 

Finally, we argued for the elaboration of a thermochemical model, i.e. the TAR 
model, to embrace as many of the various empirically found host-guest and 
template-assisted processes as possible. Apart from the classification-type nature 
of a decomposition into elementary steps in such a model, it automatically assigns 
enthalpies and entropies to these steps to be calculated with theoretical methods 
and to be then compared to experimental measurements as described in Section 
12.2.5. Last but not least one may even apply formal kinetics to derive general 
statements of rate constants on the individual steps as well as on the overall 
process. 

The theoretical study of supramolecular systems has certainly just begun. The 
technical means for such studies have been provided within the last decades. In 
the future, these methods will be improved and refined. Also new approaches will 
be envisaged, which are tailored for the specific purposes of supramolecular chem- 
istry – some of which have already been discussed in this work. 

In a report of a workshop called "From Molecules to Materials" in 1998, written 
by several authors, the problems and goals of the theoretical description of supra- 
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molecular chemistry are nicely described [278]: "Learning how to program mole- 
cules to self-assemble into finite nanosized objects of high molar mass with well- 
defined shapes would have great impact on our ability to create self-organizing 
materials [...] The essential tools to develop the field of supramolecular materials 
are all the synthetic methodologies of organic and inorganic chemistry, and hope- 
fully our growing abilities to predict structures through computation and theory." 
The authors suggest that computational chemistry offers the necessary tools to pre- 
dict cluster energies associated with molecules designed for aggregation on the 
drawing board and we have seen that this goal has practically been achieved in 
the meantime. Furthermore, they stress, that tools to predict conformational trends 
are required, and argued that, therefore, the refinement of molecular force fields 
via quantum chemistry and the developments of better minimization techniques 
could be a major contribution. We hope that we have elaborated on these proposi- 
tions in this account and that we were able to draw a more complete picture of what 
theoretical methods are capable of and into which directions they should evolve 
when the focus will be supramolecular chemistry. 
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ab initio phase set 323 

absolute configuration 283 

absorbance 266 

absorption coefficient 221 

absorption spectra 221 

absorptivity 266 

activation energy 121 

adenine 288, 454 

affinity ladders 155 

AFM: see atomic force microscopy 337 

alkali metal picrates, extraction of 89 

amino acid cluster 138 

amphotericin B 407 

anisotropic displacement parameters 330 

anthracene 225 

anticooperativity: see cooperativity 224 

ANTS/DPX assay 398, 402, 403 

ANTS/DPX assays 405 

APCI: see atmospheric-pressure chemical 
ionization 107 

Ar ion sputtering 361 

area detector 318 

arginine fork 423 

Arrhenius Kinetics 157 

Arrhenius law 121 


artifacts 277, 396 
artificial photosynthesis 220, 398, 407 
asymmetric unit 307, 320 


atmospheric-pressure chemical ionization 
(APCI) 107 
atom coordinates 324 
atomic absorption spectroscopy 80 
atomic displacement parameters 324 
atomic force microscopy 337, 340, 363ff, 
365—367, 415 
— dynamic mode in non-contact regime 
366 


— lateral force or friction force microscopy 
366 
— static mode in contact regime 365 
— static mode in liquids 366 
-tapping mode 367 
ATP synthase 9 
attenuated total reflectance infrared 
spectroscopy 414 


b 

backfolding 154 
barrel-hoop ion channels 
barrel-rosette ion channels 


392, 413 
392, 413 

barrel-stave ion channels 392, 413 

baseline corrections 277 

basis set 442 

basis set superposition error 453 

beam splitter 236 

Beer—Lambert law 254 

Beer’s law 33 

Benesi-Hildebrand method 32 

Besocke STM 353 

best-fit model 89, 154 

bi-polar LED sequence 171, 211 

bias voltage 344, 346 

bilayer 413 

bilayer composition 411 

bilayer fluidity 411 

bilayer heterogeneity 411 

bilayer stress 411 

bilayer thickness 411 

binaphthyl 286 

binding constants 

binding energies 

biopolymers 109 

biphenyls 280, 295 

BIRD: see blackbody infrared radiative 

dissociation 

birefringence 271, 277 





174, 59, 79, 175, 220, 221 
178, 142, 149, 155 





blackbody infrared radiative dissociation 
(BIRD) 121, 157 

blackbody irradiation source 122 

BLM (black lipid membranes) 392 

Bloch functions 447 

blockage 403, 407, 408 

Boltzmann distribution 119, 121 

bond energies 2 

bond lengths 330 

Born-Oppenheimer energy hypersurface 
421 

Borromean rings 13 

both time-resolved fluorescence 239ff 

BPLED sequence (bi-polar LED sequence) 
171 

Bravais lattices 315 

Brookehaven Protein Data Base 

brucine 292 

buffer 72 


327 


с 

calfthymus DNA 289 

calibration 348 

calixarenes 7, 85, 91, 183, 223, 226, 227, 241, 
376, 378, 420 

calorimetry: see isothermal titration 
calorimetry 

Cambridge Crystallographic Data Centre 
326, 330 

capsules 9, 126, 127, 181, 186, 326 

carcerands 326 

Car-Parrinello method 435 

Car-Parrinello molecular dynamics 436, 440 

CASSCF (complete active space SCF method) 
427 

catalysis 

catalysis by pores 

catechols 142 

catenanes 11, 13, 382, 438 

cation-exchange 87 

сайоп-л forces 117 

cation-z interaction 3, 331, 333 

cavity 326 

CD spectrometer 271 

CD spectroscopy: see circular dichroism 
spectroscopy 

cell membranes 9 

CF assay 398, 402, 405 

C-H-fluorine interactions 333 

С-Н-л interactions 94, 331, 333 

charge repulsion 149 

charge state 104, 125, 131 

charge-separated state 259 

charge transfer 220 


339, 408, 410 
398 
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charge-transfer interactions 151 
chelate effects 5 
chemical ionization (CI) 107 


chiral recognition 141, 443 
chirality 140, 269, 371 
chiroptical methods 265 
chromophores 220, 226, 280, 292 
СТ (chemical ionization) 107 
CI (configuration interaction methods) 
CID: see collision-induced decay 
CIF file: see crystallographic information file 
circular dichroism 265, 267 
— vibrational circular dichroism VCD 
267 
circular dichroism, calculations of 443 
circular dichroism spectra 275 
circular dichroism spectroscopy 2658, 269, 
270, 413 
— advantages 
— calculations 


427 


269 
270 
— instrumentation 270 
—limits 269 
circularly polarized light 265, 279 
circularly polarized luminescence 
close packing 4 
cobaltocenium cation 183 
coldspray ionization (CSI) 
collision cross-section 138 
collision-induced decay (CID) 
147, 152 
competition experiments 
complementarity 5 
complete active space SCF method 427 
conductance g 403 
configuration interaction methods 
constant current mode 344ff 
constant height mode 345ff 
continuous variation methods 19 


265, 268 


109 
116, 120, 126 


74, 129 


427 


continuous-wave laser 236 
convection 171 
convection artifacts 171 


cooperativity 1, 7, 201, 224, 400, 445 
coordinate bond 87 

coordination bond 117, 333 
coordination chemistry 1 
coordinative bonds 2, 87 

207 
coronenes 375 
correlation energy 426 
Cotton effects 294 
Coulomb interactions 
Coulomb operator 425 
Coulomb repulsion 108 
coulombic attractions 333 


corannulene 


364 
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CPL: see circularly polarized luminescence 

CPMD: see Car-Parrinello molecular 
dynamics 

Creswell-Allred method 33 

crown ether 8, 24, 79, 87, 89, 98, 140, 142, 
154, 178, 225, 260, 375, 435, 441 

cryptands 62, 92, 177, 375, 437 

cryptates 437 

cryptophane 90 

crystal data 330 

crystal engineering 305#, 331ff, 332 

— definition 332 

crystal growth 309, 326, 332, 334 

crystal lattice 309, 320, 326, 332 


crystal lattice symmetry 322 
crystal lattices 325 

crystal stability 310 
crystallographic disorder 326 


Crystallographic Information File (CIF) 
328, 330 
crystallography 305#, 310, 312, 318, 320, 
322, 323, 325-327, 334 

— crystal growth 326, 334 

— data collection 310, 318ff 

— data processing 318 

— data reduction 322 

- mounting the crystal 310 

— phase problem 320, 323 

- refinement 322, 325 

— space group determination 318, 320 

— space group selection 312 

— structure analysis 327 

— structure solution 320, 322 

— unit cell determination 310, 312 
cyclodextrin 7, 68, 177ff, 229, 241, 361 
cyclodextrin necklace 361, 380 
cyclodextrin receptor 1 
cyclodextrins 251, 376, 378 
cyclophane 382 
cyclotron frequency 116 
cytosine 288 


326, 





d 

2-DNMR 173 

data collection 310, 318ff 

data processing 318 

data reduction 322 

data set 322 

data treatment 32, 39, 67, 237, 257, 279 
- Benesi-Hildebrand method 32 
- Hammond method 32 
— Ketelaar method 32 
— Nagakura-Baba method 32 
— Rose-Drago method 39 


— Scatchard method 32 
— Scott method 32 
databases 326 


decay corrections 323 


decomposition schemes 420, 450 
defects 371 
dendrimers 94, 196, 294, 338 


dendritic effect 151, 154, 294 
density functional theory 282, 420, 428, 435, 
442 

deoxyribose 288 

depolarization mechanisms 
— energy transfer 247 
— fluorophore rotation 247 

desolvation 117 

diastereomer 140 

diastereomeric excess 140 

diastereoselectivity 140 

dielectric continuum models 440 

difference electron density map 325 

difference Fourier analysis 325 

diffraction 331 

diffraction power 310, 317 

diffraction quality 318 

diffractometer 305, 308, 310, 312 

diffusion 164 

diffusion coefficient 163, 169, 173, 176, 183 

diffusion NMR 1634 169, 209, 210 


247 


— advantages 209 

– chemicalexchange 210 
—limitations 209 

— technical issues 169 


diffusion-ordered spectroscopy 173, 211 
- 2-D-DOSY experiment 173 
— 3-D-DOSY experiment 173 
diffusion-ordered spectroscopy: see also 
diffusion NMR 163 
diffusion time 167 
diffusion weighting 167 
dihydrogen bridges 4 
diodelaser 235 
dip-pen nanolithography 373 
dipole interactions 444 
dipole-dipole interaction 3 
Dirac function 231 
dispersive attractions 
distributed multipoles 
DNA 275, 288 
DNA replication 10 
docking studies 422 
domains 371 
z-donor z-acceptor interaction 117 
DOSY: see diffusion-ordered spectroscopy 
DOSY-COSY pulse sequence 175 


445 
446 


double resonance experiment 152 
double stimulated echo sequence 171 
drift tube 138 

drug design 56 


dry 
dye 


contact transfer 373 
lasers 235, 254 


Dynamic Mode in Non-Contact Regime 366 
dynamics 142 


e 


ECD (electron-capture dissociation) 122 
ECD: see electronic circular dichroism 
eddy currents 169, 340 

EI (electron ionization) 107 
Einstein-Smoluchowski equation 164 
Eisenman theory 406 

Eisenman topologies 405 


elec 
elec 
elec 
elect 
elec 
elec 
elec 
elec 
elec 
elec 
elec 
elec 
elec 
elec 
elec 
elec 
elec 
elec 
elec 
elec 


ro-chemical deposition 373 
ro-hydrodynamic ionization (EHI) 108 
ro-optic modulator 235 

ro-spray deposition 373 

rochemistry 191, 196, 394 

ron bombardment 361 

ron density map 320, 323, 327 

ron ionization (EI) 107 

ron transfer 220, 227, 238ff 

ron transfer dissociation 122 
ron-capture dissociation 122 

ronic circular dichroism ECD 267, 269ff 
ronic density 423 

ronic density of states 356 

ronic properties 338 

rospray ionization (ESI) 107, 108 
rostatic attraction 117 

rostatic potentials 423 

rostatic surface 5 

rostatics 338 








elemental composition 125, 131 
elliptical polarization 244 
ellipticity 266 


emi 


ssion spectra 221 


enantiomer 140 

enantiomer-labeled guest method 140 
enantioselectivity 17 

encapsulation 181 

endovesiculation 391, 398 

energy decomposition analysis 451 
energy hopping 251 

energy transfer 220, 227, 229 


Eng 


elman’s “two-state? model 395 


enthalpy 17 

enthalpy-entropy compensation 59 
entropy 17 

environment 2, 117, 154, 460 
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environment-free conditions 105 
enzyme substrate/inhibitor complex 56 
enzyme-inhibitor association 56 
enzymes 410 

epitaxy 346 

equilibrium constant: see binding constant 
equilibrium dialysis 413 

ESI response factors 118 

ESI: see electrospray ionization 

ETD: see electron transfer dissociation 
Euler-Lagrange equations 434, 436 
evaluation of complex concentration 23ff 
exact mass 104, 125 

exchange experiments 131 

exchange operators 425 
exchange-correlation density functional 429 
exchange-correlation energy functional 429 
excimer 225, 227 

excimer formation 220 

excited state 226 

excited-state lifetime 231 

experimental error 26, 35, 40, 44, 65 
extended Lagrangian technique 435 
extraction circuit 83 

extraction constant 85 

extraction equilibrium 84 

extraction methods 79ff 

eyring equation 122 


FAB (fast atom bombardment) 107 
factor analysis 279 

fast atom bombardment (FAB) 107 
FD (field desorption) 107 
femtosecond spectroscopy 255 
Fermi energy 350 

Fermilevel 344 

ferrocene 183 

FFM (friction force microscopy) 366 
fibers 413 

field desorption (FD) 107 

field emission of electrons 361 
first-principles methods 422, 424ff 
flash lamp 233 

flash photolysis 253 

fluorescence anisotropy 243ff 
fluorescence depth quenching 414 
fluorescence resonance energy transfer 413 
fluorescence spectra 227 
fluorescence spectroscopy 394, 396 
fluorescence up-conversion 233 
fluorescent probes 394, 402 
fluorophore 220, 226, 396 

Fock matrix 438 
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Fock operator 425 

force fields 422, 435 

Fórster energy transfer mechanism (FRET) 
240, 248 

fractional coordinates 330 

FRAGMENT method 121 

fragmentation 119, 127 

frequency analysis 431 

FRET: see Forster energy transfer mechanism 

frictional forces 338 

frictional force microscopy (FFM) 

fullerene 238, 258, 360 

fusion 391 


366 


g 
gas-phase chemistry 104ff, 116, 119-122, 


126, 138, 140, 141, 147, 152, 155-157 
– BIRD: blackbody infrared radiative 
dissociation 157 
— blackbody infrared radiative dissociation 
121 
– collision-induced decay 116, 120, 126, 
147, 152 
— double resonance experiment 152 
— electron transfer dissociation 122 
– electron-capture dissociation 122 
— FRAGMENT method 121 
— gas-phase equilibria 122 
- H/D exchange 122, 138 
- infrared-multiphoton dissociation 120, 
156 
– infrared-multiphoton irradiation 116 
— ion mobility 138 
- IRMPD: infrared-multiphoton 
dissociation 147 
- threshold collision-induced decay 155 
- threshold-CID experiment 120 
- transfer equilibrium experiments 
gas-phase conformations 140 
gas-phase equilibria 122 
gas-phase reactivity 154 


141 


gating charge 403 
gelator 292 
giant pores 402 


Gibbs free energy 17, 57 
Gibbs-Helmholtz equation 17, 57 
Goldman-Hodgkin-Katz voltage Eq. 405 
goniometer 312 

goniometer head 308, 310, 312 
Gouy-Chapman theory 411 

gradient enhanced spectroscopy 163 
gradient system 169 

ground state 226 

guanidinium 424 


guanidinium receptors 94 


guanine 288 

guanosine quarters 198 
guest 17, 326, 420 

guest exchange 128 

guest molecule 56, 126, 183 
h 

H/D exchange 122, 138 
halide 92 


halogen-halogen interactions 333 

halogen-nitrogen interaction 333 

halogen-oxygen interaction 333 

Hamiltonian operator 424 

Hamilton's equations 434 

Hammond method 32 

Hartree-Fock calculations 

Hartree-Fock Eqs. 426 

Hartree-Fock model 425 

heat capacity 57 

helicates 145 

helicenes 280 

a-helix 288 

hemoglobin 7 

Hessian matrix 441 

high-energy collisions 120 

highest occupied molecular orbital 351 

highly oriented pyrolytic graphite (HOPG) 
348, 355, 375 

Hill coefficient 401 

Hill equation 400 

Hofmeister series 87, 94, 406 

Hohenberg-Kohn theorem 428 

HOMO: see highest occupied molecular orbital 

homochirality 118, 138 

HOPG: see highly oriented pyrolytic graphite 

host 17, 326, 420 

host molecule 56 

host-controlled association 459 

host-guest complexes 176, 226, 408, 419 

HPTS assay 397, 402, 403, 405, 407, 410 

hydration 90 

hydrodynamic frictional coefficient 

hydrodynamic radius 164, 193 

hydrodynamic volume 248 

hydrogen bonding 3, 87, 126, 444 

hydrogen bonds 94, 110, 117, 129, 138, 295, 

327, 329, 330, 333, 421, 432, 438, 440, 452 

hydrophilicity 87 

hydrophobic effect 

hydrophobic effects 

hydrophobicity 87 

hyperbranched polymers 

hysteresis 342, 348 


437 
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4, 117 
445 


100 





1 

ICT: see isothermal titration calorimetry 

IETS (inelastic electron tunneling 

spectroscopy) 356 

ill-definition of temperature 119, 121 

imaging 346 

inclusion complexes 307 

induced circular dichroism 292 

induced fit model 1 

inductively coupled plasma spectroscopy 80 

inelastic electron tunneling spectroscopy 356 

infrared-multiphoton dissociation 120, 156 

infrared-multiphoton irradiation 116 

inorganic materials 10 

instrumental malfunction 69, 71 

intensity calibration 276 

interaction energy decomposition 451 

333 

interlocked molecules 
— Borromean rings 
—catenanes 11, 13 

13 


z—n-interactions 
8, 11, 13 
13 


— knotanes 

—knots 11 

— pseudorotaxane 

—rotaxanes 11, 13 
intermolecular interactions 2 
internal charge repulsion model 400 
internal energies 119, 121 
internal solvation 154 
intramolecular interactions 
intrinsic properties 105 
intrinsic reactivity 142 
iodobenzene 371 
ion antiport 398 
ion carriers 391 
ion channels 391ff, 392, 395, 399, 400, 402, 

412 

— barrel-hoop 392 

— barrel-rosette 392 

— barrel-stave 392 

— characteristics 399 

— concentration dependence 

— key parameters 395 

— micellar pores 392 

— size selectivity 402 

— structural classification 392 


8,11 


327 


400 


— structural studies 412 
ion-cyclotron resonance 112,115 
ion-dipole interaction 2 
ion efflux 398 
ion-evaporation model 109 
ion influx 398 
ion labeling strategies 110 


ion mobility 138 
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ion-selective electrodes 398 
ion selectivity 404 
ion source 105 


ion symport 398 
ion trap (IT) 112 
ionic liquids 100, 455 


ionic strength 106-110, 400, 402 
ion-ion interactions 2 
ionization methods 106, 107-110 
— atmospheric-pressure chemical 
ionization (APCI) 107 
— chemical ionization (CI) 107 
— coldspray ionization (CSI) 109 
— electro-hydrodynamic ionization (ЕНГ) 
108 
— electron ionization (EI) 107 
– electrospray ionization (ESI) 
— fast atom bombardment (FAB) 
— field desorption (FD) 107 
— matrix-assisted laser desorption/ 
ionization (MALDI) 106, 107 
— resonance-enhanced multiphoton 
ionization (REMPI) 110 
— resonance-enhanced multi-photon 
ionization (REMPI) 107 
— thermospray (TSP) 108 
IR solvents 274 
IRMPD: see infrared-multiphoton dissociation 
IRMPD: see infrared multiphoton irradiation 


107, 108 
107 


isothermal calorimetry 414 
isothermal titration calorimetry 55ff, 60, 61, 
96 


— adiabatic mode 60 
— instrumental setup 61 
— isothermal mode 60 
— power compensation 60 
isotope effect 140 
isotope pattern 131, 148 
isotope patterns 125 
IV profile 403 





j 
Job’s method 222 
Jobs plot 20, 38 


k 

Ketelaar method 32 

kinetic method 154, 455 

kinetics 142 

knot 127 

knotanes 13 

knots 11, 438 

Kohn-Sham orbitals 428 
Kramers-Kronig relationship 268 
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І 

labeled vesicles 396 

Lagrangian functional 434 
Langmuir-Blodgett deposition 373 


Langmuir-Blodgett technique 382 
Larmor frequency 164 
laser 235, 236, 254 
- continuous-wave laser 236 
—diode laser 235 
—dye lasers 235, 254 
- Ti:sapphire laser 235 
lasers 235ff 


Lateral Force or Friction Force Microscopy 
366 

lattice symmetry 316 

LCAO method: see linear combination of 
atomic orbitals 

LED sequence: see longitudinal eddy current 
delay sequence 

Lennard-Jones potential 422, 434 

Levshin-Perrin equation 246 

ifetime 226 

igand aggregation 85 

igand exchange 144 


igand exchange reactions 142 
igand gating 407, 408 

igand screening 203 
ight-harvesting antennae 229 


inear combination of atomic orbitals (LCAO) 
362, 426 

inear polarization 244 

inear scaling 437, 438 

inear-scaling method 441 

inearly polarized light 268 

ipid bilayers 391, 392 

ipophilicity 87, 94 

iquid crystals 243 

(liquid-liquid) extraction 80 

iquid-solid interfaces 345, 355, 373 

ocal multipole expansions 447 

ock-and-key concept 1,5 

ock-and-key model 5 

ongitudinal eddy current delay sequence 
171, 211 

Lorentz force 115 

ow-energy collisions 120 

owest unoccupied molecular orbital 
351 

uminescence quantum yield 221 

uminescent sensors 220, 226 

LUMO: see lowest unoccupied molecular 
orbital 

LUV: see unilamellar vesicles 





m 
macrobicyclic cage 91 
macrobicyclic effect 6 


macrocycles 10, 375 
macrocyclic effect 6 
Magic Oil 312 


magnetic field gradients 

magnetic properties 338 

MALDI: see matrix-assisted laser desorption/ 
ionization 

malfunctional 71 

Malus law 245 


164, 165 


manipulation of atoms and molecules 359, 
360 
- pulling 359 
— pushing 360 
– sliding 360 
mass analyzers 105, 111, 112, 113, 115 
— ion-cyclotron resonance 112, 115 


— ion trap (IT) 112 
- quadrupole 112 
— quadrupole instruments 
— quadrupole ion traps 111 
— sector field 112 
- time-of-flight (reflectron) 112 
— time-of-flight (TOF) 112, 113 
mass selection 113, 119 
mass spectrometry 104ff, 105 
— instrumentation 105 
mass-selection 148 
matrix-assisted laser desorption/ionization 
(MALDI) 106, 107 
MCSCF (multi-configuration self-consistent 
field method) 427 
mechanical bonds 126 
mechanical properties 
melting enthalpies 157 
membrane potential 411 
membrane transport 79, 391 
membrane-water interface 392, 413 
merocyanine 260 
metallo-supramolecular complexes 
310 
metallo-supramolecular dodecahedron 
196 
metallo-supramolecular rectangles 
metallo-supramolecular sphere 203 
metallo-supramolecular squares 147, 196, 
375 
metallo-supramolecular tetrahedron 133 
metallo-supramolecular triangles 149 
metastable ion 151 
micellar pore 392 


111 


338 


375 


microcalorimetry: see isothermal titration 


calorimetry 
microcontact printing 373 
microcrystals 413 
microsolvation 440 
Miller indices 319, 321 


Mo-radiation 308 
Mode-Tracking 441 
mole ratio method 19 
molecular “motors” 13 
molecular adlayer 373, 374 
— dip-pen nanolithography 373 
— dry contact transfer 373 
— electro-chemical deposition 373 
— electro-spray deposition 373 
- langmuir-blodgett deposition 373 
— liquid-solid interface 373 
= microcontact printing 373 
— pulse injection method 374 
— solution casting 374 
= spin coating 374 
—stamping 373 
molecular adlayers 372 
molecular boxes 378 
molecular clips 430 
molecular conformation 337 
molecular devices 5, 13, 220 
molecular dynamics 433ff, 439, 440 
molecular dynamics simulations 157, 421, 
441, 447 
molecular dynamics trajectory 440 
molecular elevator 8 
molecular mechanics 420 
molecular motors 9 
molecular recognition 2, 5, 8, 10, 17, 55, 79, 
87, 305, 403, 408, 415, 419 
molecular sieves 378 
molecular topography 338 
molecular tweezers 151, 430 
molecular wires 13 





molecule-substrate interactions 346 

monochromator 233, 235 

monolayers 243, 371 

monopole attraction 444 

monopole repulsion 444 

Monte Carlo simulations 433, 437, 439 

MP2: see perturbation theory 

MS? 116 

MS" experiments 113, 116, 148 

multi-configuration self-consistent field 
method 427 

multichannel experiments 395 


multienzyme complexes 9 
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multilayers 371 

multiphoton absorption 121 

multipole interactions 444 

multipoles 4, 450 

multiscale modeling 437, 438 

multivalency 7 


n 

23Na NMR spectroscopy 398 

Nagakura—Baba method 32 

Nakano method 33 

nano-lithography 339 

natural bond orbital analysis 451 

neglect of diatomic differential overlap 
437 

neighbor group assistance 147 

neutron diffraction 440 

Newtonian equations of motion 436 

Newtonian mechanics 422 

nitrogen and halogen 4 

NMR parameters 163 

NMR spectroscopy 36ff 

NMR time scale 36, 176, 210 

noncovalent bond 94, 110, 117, 126, 149, 
151, 327, 330, 331, 332, 333, 364, 419, 432 
438, 443, 444, 445, 452 

— cation-z interactions 331, 333 

94, 331, 333 

— charge repulsion 149 

— charge-transfer interactions 151 

– C-H-fluorine interactions 333 

— coordination bond 333 


— C-H- interactions 


— Coulomb interactions 364 

— coulombic attractions 333 

— dipole interactions 444 

— dispersive attractions 445 

— halogen-halogen interactions 333 

— halogen-nitrogen interaction 333 

— halogen-oxygen interaction 333 

— hydrogen bonded 432 

— hydrogen bonding 126, 444 

— hydrogen bonds 94, 110, 330, 333, 
438, 452 

— hydrophobic effects 445 

= n-ninteractions 333 

— intramolecular interactions 

— monopole attraction 444 

— monopole repulsion 444 

— multipole interactions 444 

— ;-stacking 331, 444 

— standard classification 443 

— van der Waals forces 333 

— van der Waals interactions 


327 


364 


Index 


non-covalent bond 2, 3, 4, 5, 87, 117, 126, 
129, 138, 421, 440 

— cation-z forces 117 

— cation-z interaction 3 

— dose packing 4 

— coordinate bond 87 

— coordination bond 117 

— coordinative bonds 2, 87 

- dihydrogen bridges 4 

— dipole-dipole interaction 3 

— n-donor z-acceptor interaction 117 

— electrostatic attraction 117 

— hydrogen bonding 3, 87 

— hydrogen bonds 117, 129, 138, 421, 

440 

— hydrophobic effect 4, 117 

—ion-dipole interaction 2 

—ion-ion interactions 2 

— mechanical bonds 126 

— multipoles 4 

- nitrogen and halogen 4 

—saltbridges 117 

— stacking 3, 87, 421 

—steric fit 5 

— van der Waals forces 4, 117 

— van der Waals interactions 2 
noncovalent bonds 9 
non-covalent bond template 2 
noncovalent forces 2 
nonlinear fit 62 
non-linear least square fit 40 
nonlinear least-squares method 237 
nonlinear regression 68, 85, 224 
non-ohmic ion channels 403 
Nuclear Overhauser Effect 163 
nuclear waste 91 
nucleic acids 56, 287 
nucleotides 287 


о 
octalactam macrocycles 127 
Ohm's law 403 
ohmic synthetic ion channels 403 
oligomerization 85 
oligonucleotides 157, 275 
one-electron basis functions 427 
optical activity 280, 281 

— dipole coupling mechanism 281 

- mechanisms 280 

— п-т mechanism 281 

— one-electron mechanism 281 
optical properties 338 
optical rotation 265 


optical rotatory dispersion (ORD) 265, 268 


ORD: see optical rotatory dispersion 
organic molecular beam epitaxy 372 
organocatalysis 11 

organogel 293 

organometallic 207 

ORTEP 327 

osmotic stress 400 


p 


partition function 432 
Pauli principle 425 
PDB file: see Brookehaven Protein Data Base 
peptides 275, 287 
periodicity 309, 325 
perrhenate 92 
Perrin equation 248 
pertechnetate 92 
perturbation theory 426 
— second-order Moller—Plesset 
perturbation theory 426 
perylene 249 
perylene molecules 371 
PGSE sequence: see pulsed gradient spin echo 
sequence 
РН gating 399 
pH profiles 399 
phase-modulation fluorometry 220, 231, 
235 fF 
phase problem 320, 323 
phase separation 80 
phase transfer behavior 
phonon states 356 
photochemistry 220, 220ff, 221, 227, 229, 
230, 231, 235, 238, 239, 243, 253, 257, 394, 
396 
— both time-resolved fluorescence 
- charge transfer 220 
— electron transfer 220, 227, 238ff 
— energy transfer 220, 227, 229 
-excimer 227 
— excimer formation 220 
— fluorescence anisotropy 243ff 
— fluorescence spectroscopy 394, 396 
— phase-modulation fluorometry 220, 
231, 2358 
— photoisomerization 220 
— pulse fluorometry 220, 231ff 
- quenching 227 
— spectrofluorometry 220, 221 
— spectrophotometry 220, 221 
— time-resolved anisotropy 220 
— time-resolved differential absorption 
257ff 
— time-resolved fluorescence 230 


79, 84 


239ff 


— time-resolved fluorometry 220 
— transient absorption spectroscopy 220, 
253ff 

— transient absorption techniques 
photoelastic modulator 271 
photoisomerization 220 
photomultiplier 236 
photonic material] 339 
photophysics: see also photochemistry 2208 


239 


photoselection process 246 
photosynthesis 229 
phthalocyanines 375 
piezo creep 342 
piezoelectric ceramics 341 


piezoelectric tube scanners 341, 342 
piezo transducers 363 
planar bilayer conductance 394 


planar lipid membranes: see black lipid 
membranes 
Pockels cell: see electro-optic modulator 
podand 94 
Poisson distribution 238 
polarizability 445, 446, 450 
polarized light 243, 244, 265, 268, 279 
– circularly polarized light 265, 279 
— elliptical polarization 244 
— linear polarization 244 
— linearly polarized light 268 
polarized vesicles 403 
poly(propylene amine) 94 
polyamines 92 
polymorphism 413 
polyoxometalates 422 
pores 3918, 392, 395, 399, 400, 402, 412 
— barrel-hoop 392 
— barrel-rosette 392 
— barrelstave 392 
— characteristics 399 
— concentration dependence 
— key parameters 395 
— micellar pores 392 
— size selectivity 402 
— structural classification 392 
— structural studies 412 
porphyrin 240, 258, 269, 288, 292, 380, 441 
potential energy hypersurface: see also Born- 
Oppenheimer energy hypersurface 430 
potentials 422 
pre-emphasis 170 
pre-exponential factor 121 
pre-organization 5, 87, 90, 419, 457 
product ion scan 119 
protein crystallography 307 
proteins 275, 287 


400 
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protein-substrate interactions 419 
pseudopotentials 430 
pseudorotaxanes 8, 11, 179 
pulse fluorometry 220, 231ff 
pulse injection method 374 
pulse sequence 163, 164, 165, 168, 171, 175, 
186, 211 
— bi-polar LED sequence 171, 211 
– DOSY-COSY pulse sequence 175 
— double stimulated echo sequence 171 
- longitudinal eddy current delay 
sequence 171,211 
— pulsed gradient spin echo sequence 
165, 211 
— stimulated echo diffusion sequence 
168, 186, 211 
pulsed gradient spin echo sequence 
pump-probe spectroscopy 254 
pyrogallarenes 131, 133 
pyrogallolarene 186 


165, 211 


q 

QM/MM techniques 
quadrupole 112 
quadrupole instruments 
quadrupole ion traps 111 
quantum mechanics 420 
quantum yield 240 
quenching 227 
quenching mechanism 228 


439 


111 


r 
racemization 286 
radiation damage 322 
radioactivity 80 
radionuclides 80 
radiotracer technique 80 
Raman optical activity 265, 268, 269 
— double circular polarization 269 
— incident circular polarization 269 
— scattered circular polarization 269 
rate constants 121, 220, 240 
reactivity 104 
rearrangement 
receptor 5 
refinement 322, 325 
refractive index 255, 265 
regression 28, 33 
— Creswell-Allred method 33 
- Nakano method 33 
- Rose- Drago method 33 
REMPI: see resonance-enhanced multi-photon 
ionization 
resolution-of-the-identity technique 438 


120, 458 
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Index 


resonance-enhanced multi-photon ionization 
(REMPI) 107,110 

resorcinarenes 131, 133, 186, 241, 316, 369 

RNA-protein recognition 424 

Roothaan equations 426, 437, 438 

Rose-Drago method 33 

Rosenfeld equation 280 

rosettes 193 

rotational strength 279 


rotaxanes 11, 13, 126, 382, 433, 437, 438, 459 
s 
salt bridges 117 


sandwich complex 90 
scanning near field optical microscopy 340 
scanning probe microscopy 337, 337ff, 339, 
340, 341, 367 
— atomic force microscopy 337, 340 
-nanodithography 339 
— scanning near field optical microscopy 
340 
- scanning tunneling microscopy 337, 
340, ЗАТЕ 
- single molecule force distance 
measurements 337 
— single molecule force spectroscopy 367 
scanning tunneling microscopy 337, 340, 
344, 345, 348, 350, 356, 359 
— calibration 348 
— constant current mode 344ff 
— constant height mode 345 
— current versus distance measurements 
359 
— inelastic electron tunneling spectroscopy 
356 
- manipulation of atoms and molecules 
359 
- scanning tunneling spectroscopy 356 
— tunneling spectroscopy 350 
scanning tunneling microscopy (STM) 
scanning tunneling spectroscopy 356 
Scatchard method 32 
SCF (self-consistent field) 
Schrédinger equation 424 
scintillation counter 80 
Scott method 32 
"secondary" structure 
sector field 112 
selectivity 17, 79 
— temperature dependence 17 
self-aggregation 198 
self-assembly 2, 5, 8, 191, 238, 305, 332, 400, 
409, 413, 414, 440 
self-assembly: see also self-organization 


ЗАЛА 


425 


126 


self-consistent field 425 
self-organization 8, 87, 98, 345, 370 
self-organization: see also self-assembly 
self-organized monolayer 338 
self-recognition 191 
self-replication 5, 11 
semi-empirical methods 
– AM1 437 
– МКРО 437 
– РМЗ 437 
sensing 408, 410 
sensor surface 339 
sensors 410 
138 
serine octamer 118 
shaped gradient pulses 172 
shared-electron-number method 452 
f-sheet 288 
shuttling motion 437 
single-channel currents 
single-collision conditions 
single crystal 309 
single-ion-in-droplet model 108 
single-molecule currents 395 
single molecule force distance measurements 
337 
single molecule force spectroscopy 367 
single-photon timing technique 233 
size exclusion experiments 402 
size selectivity 131 
Slater determinants 425, 426, 428 
Slope Ratio Method 19 
SNOM: see scanning near field optical 
microscopy 340 
softballs 9, 129 
sol-gel phase transition 292 
solid-state NMR spectroscopy 414 
solution casting 374 
solution-phase reactivity 145 
solvation 3, 84, 85, 90 
solvation effects 105 
solvation energies 118 
solvation shell 56 
solvent effects 1 
solvophobic aggregation 56 
space group 320 
space group determination 318, 320 
space group selection 312 
space lattices 315 
spatial resolution 338 
speciation 79 
spectral window 274 
spectrofluorometry 220, 221 
spectrophotometry 220, 221 
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spin coating 374 

SPM: see scanning probe microscopy 

squaraines 371 

stability constant: see binding constant 

stamping 373 

n-stacking 3, 87, 331, 421, 444 

static mode in contact regime 365 

static mode in liquids 366 

stationary points 421, 431 

STE sequence: see stimulated echo diffusion 
sequence 

steady-state anisotropy 247 

stereochemistry 138 

steric fit 5 

stimulated echo diffusion sequence 
211 

STM designs 353 

STM: see scanning tunneling microscopy 

STM tips 339, 341, 355, 359, 361 

stoichiometry 19, 37, 64, 90, 104, 118, 125, 
176, 220, 221, 400 

Stokes equation 164 

Stokes’ radius 164, 193 

Stranski-Krastanov growth mode 375 

structural 126 

structure 104, 126 
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structure analysis 327 
structure factor 322 
structure factors 307 


structure solution 320, 322 
STS: see scanning tunneling spectroscopy 
Student’s t-distribution 35 
subconductance levels 395 
subpicosecond laser excitation 254 
sugars 275 
supercharged supramolecular systems 
superconducting magnets 115 
supersonic jet expansion 110 
supramolecular arrays 382 
supramolecular catalysis 11 
supramolecular catalysts 10 
supramolecular chains 382 
supramolecular chemistry 1, 4 

— basic concepts 4 

—history 1 
supramolecular grids 382 
supramolecular polymers 
supramolecular synthons 
surface chirality 337 
surface coating 339 
surface potentials 411 
surface topography 365 
switches 13 
systematic extinctions 
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t 
tapping mode 367 
TAR (template-assisted elementary reactions) 
421 
Taylor cone 108 
TCID: see threshold collision-induced decay 
temperature gradients 171 
temperature instability 171 
template 5, 10, 126, 419, 455ff 
template-assisted elementary reactions 
templation 2 
tetralactam macrocycles 
theoretical methods 419 
thermal drift 348 
thermal equilibrium 119 
thermal evaporation 372 
thermal parameters 324 
thermochemical data 154 
thermochemistry 104 
thermodynamic cycle 73 
thermodynamic data 120 
thermodynamic parameters 17 
thermodynamic properties 17 
—enthalpy 17 
—entropy 17 
— Gibbs free energy 17 
thermodynamics 55 
thermospray (TSP) 108 
thiophene macrocycles 376 
three-point model 141, 142 
threshold collision-induced decay 110, 155 
threshold-CID experiment 120 
thymine 288, 454 
Ti:sapphire laser 235 
time-dependent density functional theory 
270, 430 
time-of-flight (reflectron) 112 
time-of-flight (TOF) 112, 113 
time-resolved anisotropy 220 
time-resolved differential absorption 257ff 
time-resolved fluorescence 230 
time-resolved fluorometry 220 
time scales 142 
time-to-amplitude converter 
titration curve 64 
titration experiments 
221 
topography 10 
topology 424 
total electronic energy 424 
total electronic wave function 424 
transfer equilibrium experiments: see also 
gas-phase equilibria 141 
transient absorption spectroscopy 220, 253ff 
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transient absorption techniques 239 
tris-catecholate complexes 142 
tropylium cation 184 

tunneling 339, 341, 346 

tunneling spectroscopy 350 
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ultrafast spectroscopy 254 
ultrahigh vacuum 345 
unilamellar vesicles 394, 396 


unit cell 314, 315, 317, 319, 320, 321, 322, 
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- hexagonal 315 
— monoclinic 315, 317, 322, 326 
— orthorhombic 315, 319 
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—triclinic 315, 321, 326 
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unit cell determination 310, 312 
unit cell volume 316 
unspecific binding 64, 118, 131 
uracil 454 
UV/vis spectroscopy 19ff, 80 
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valinomycin 404, 407 


van der Waals forces 4, 117, 333 


van der Waals interactions 

van't Hoff equation 17 

VCD (vibrational circular dichroism) 267, 
269ff, 272 

vesicles 413 

vibrational circular dichroism (VCD) 267, 
269ff, 272 

vibrational damping 340 

viologen 151 

virtual separation 173, 203 

viscosity 164, 248 

voltage gating 403 


2, 364 


и 

Watson-Crick base pairing 157 
weakly coordinating counterions 
Weiss domain 342 

white light continuum 254 
Woodhull equation 409 

work function 359 


131, 147 


x 

X-ray 306, 312, 318, 331 
— diffraction 309, 440 

xenon lamp 235 


z 
zero-point vibrational energy 432 
zwitterion serine octamer 138 
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